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ABSTRACT
Grain alignment by radiative torques (RATs) has been extensively studied for various
environment conditions, including interstellar medium, dense molecular clouds, and
accretion disks, thanks to significant progress in observational, theoretical and numer-
ical studies. In this paper, we explore the alignment by RATs and provide quantitative
predictions of dust polarization for a set of astrophysical environments that can be
tested observationally. We first consider the alignment of grains in the local interstellar
medium and compare predictions for linear polarization by aligned grains with recent
observational data for nearby stars. We then revisit the problem of grain alignment in
accretions disks by taking into account the dependence of RAT alignment efficiency
on the anisotropic direction of radiation fields relative to magnetic fields. Moreover,
we study the grain alignment in interplanetary medium, including diffuse Zodiacal
cloud and cometary comae, and calculate the degree of circular polarization (CP) of
scattered light arising from single scattering by aligned grains. We also discuss a new
type of grain alignment, namely the alignment with respect to the ambient electric
field instead of the alignment with the magnetic field. We show that this type of
alignment can allow us to reproduce the systematic features of CP observed across a
cometary coma. Our findings suggest that polarized Zodiacal dust emission may be
an important polarized foreground component, which should be treated carefully in
cosmic microwave background experiments.
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1 INTRODUCTION
The polarization of starlight arising from differential extinc-
tion by nonspherical and aligned dust grains was discovered
more than a half century ago (Hall 1949; Hiltner 1949). In-
terstellar dust grains are widely believed to be aligned with
respect to magnetic fields, and it is essential to have a quan-
titative predictive theory of grain alignment if one wants to
use the dust polarization as a reliable tracer of magnetic
fields. Indeed, it is known observationally that the grain
alignment changes with environments and sometimes fails.
The problem of grain alignment, however, proved to be
one of the longest standing in astrophysics. In the process
of research, a number of alignment mechanisms have been
identified and quantified (see Lazarian 2007 for a review),
which substantially changed the initial paradigm of grain
alignment based on the Davis & Greenstein (1951) param-
agnetic relaxation theory. Very importantly, an alignment
⋆ E-mail: hoang@cita.utoronto.ca
† E-mail: lazarian@astro.wisc.edu
mechanism based on radiative torques (RATs) acting on
helical grains has become a favored mechanism to explain
grain alignment. This mechanism was initially proposed by
Dolginov & Mitrofanov (1976b),1 but was mostly ignored at
the time of its introduction.2 Draine & Weingartner (1996)
and Draine & Weingartner (1997) (hereafter DW96 and
DW97) reinvigorated the study of the RAT mechanism by
numerically calculating RATs acting on grains of irregular
shape.3 The strength of the torque made it impossible to
1 Harwit (1970) suggested a different radiative mechanism which
is based on the interaction of an anisotropic radiation beam with
different left- and right-handed photons with symmetric grains.
2 The mechanism was probably too radical for the community
accustomed to the paramagnetic relaxation. It was also unclear
why the alignment would favor observationally proven alignment
of grains with long axes perpendicular to the magnetic field. The
latter became clear only very recently with the advent of analyt-
ical theory of RAT alignment.
3 It was essential that Bruce Draine has modified the publicly
available DDSCAT code (Draine & Flatau 1994) to include RATs.
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ignore them, but the questions about the properties of RAT
alignment for grains of different shapes remained.
The quantitative study of the RAT alignment was
presented first in Lazarian & Hoang (2007a) (henceforth
LH07) where the analytical theory of RAT alignment
was introduced and then elaborated in our series of pa-
pers (Lazarian & Hoang 2007b; Lazarian & Hoang 2008;
Hoang & Lazarian 2008, 2009ab). As a result of this work,
it became clear why the grain alignment occurs with long
axes perpendicular to the magnetic field, although the mag-
netic field just plays the axis of alignment. This work has
opened an avenue for quantitative predictions of alignment
for a variety of astrophysical situations.
Historically, the interaction of the grain alignment re-
search with observations was limited to accounting for
the observed polarization. The goal was not very ambi-
tious, namely, to find out a way to avoid gross contra-
dictions of observations with plausible theoretical argu-
ments. Nevertheless, this was not easy with the earlier
theories. In comparison, the RAT mechanism seems to
be able to address major puzzles presented by observa-
tions. For instance, the observation of polarized emission
emanating from starless cores (see Ward-Thompson et al.
2000 and Ward-Thompson, André, & Kirk 2002) initially
seemed completely unexplainable.4 Indeed, all mechanisms
seemed to fail in such cores, which are presumably close
to thermodynamic equilibrium (see Lazarian et al. 1997).
The RATs seem to be too weak as well (DW96). However,
Cho & Lazarian (2005) (hereafter CL05) found that the effi-
ciency of RATs increases fast with grain size (see also LH07),
and thus large grains can still be aligned in dark clouds.
They found that grains as large as 0.6µm can be aligned in
dark clouds by the interstellar diffuse radiation attenuated
by the column density with AV ≈ 10. This study proved
the necessity of careful modeling of polarization if one is
interested in magnetic fields in molecular clouds.
The pre-stellar cores studied in Ward-Thompson et al.
(2000) correspond to AV = 50 − 60; the shielding col-
umn, assuming uniformity, is approximately half of these
values. However, Crutcher et al. (2004) pointed out that
polarization data do not sample the innermost core re-
gions,5 and this provides an explanation for polariza-
tion “holes” (see Matthews & Wilson 2000;Lai et al. 2002;
Matthews & Wilson 2002). The reported decrease in the
percentage polarization with the optical depth also agrees
well with the findings in CL05.
The approach of CL05 was further elabo-
rated in the studies by Bethell et al. (2007) and
Pelkonen, Juvela, & Padoan (2009), in which the syn-
thetic maps obtained via magnetohydrodynamic (MHD)
simulations were analyzed. In particular, Bethell et al.
(2007) calculated the actual value of anisotropy degree γrad,
mean intensity Jλ of radiation field, and grain temperature
inside a turbulent molecular cloud. The study confirmed
the ability of using aligned grains to trace magnetic fields
4 These findings are also contrasting with observational claims
based on visible and near-infrared radiation (Goodman et al.
1995). The difference in results was explained in Lazarian (2007).
5 The peaks AV of 150 were claimed for the clouds in
Pagani et al. (2004). These peaks are likely not to produce po-
larized dust emission.
in dense clouds and proved a decrease of percentage
polarization at the highest AV . Note that these works
were in contrast to the previous studies, which used rather
arbitrary criteria (e.g., AV = 3) for the alignment to shut
down, or even more unrealistic assumption that all grains
were perfectly aligned.
Before proceeding with detailed modeling of dust po-
larization, which is the main subject of this paper, let us
outline a few major features of the RAT quantitative the-
ory that the modeling is based upon. In LH07, we sub-
jected to scrutinize the properties of RATs. Using a sim-
ple analytical model (AMO) of a helical grain we stud-
ied the basic properties of RATs and the alignment driven
by such RATs. The analytical results were found to be in
good correspondence with numerical calculations for irregu-
lar grains obtained with DDSCAT (Draine & Flatau 1994).
Evoking the generic properties of the RAT components, we
explained the RAT alignment of grains both in the absence
and presence of magnetic fields. Intentionally, for the sake
of simplicity, in LH07, we studied a simplified dynamical
model to demonstrate the effect of the RAT alignment.
This model disregarded the wobbling of grain axes with
respect to the angular momentum that arises from ther-
mal fluctuations (Lazarian 1994; Lazarian & Roberge 1997)
and thermal flipping of grains (Lazarian & Draine 1999b;
Lazarian & Draine 1999a). These simplifications allowed us
to provide the first quantitative model of the RAT align-
ment, which, however, required further elaboration. In par-
ticular, we found that RAT alignment in general occurs with
attractor points of high angular momentum (i.e., J > Jth
with Jth being the thermal angular momentum, hereafter
high-J) and of low angular momentum (J ∼ Jth, hereafter
low-J). We obtained criteria for the grains to be aligned
with high-J and low-J attractor points as a function of the
angle between the radiation anisotropy direction and mag-
netic fields and the ratio of the magnitude of the RAT com-
ponents.
Using AMO, Hoang & Lazarian (2008) studied the
RAT alignment by taking into account the grain wobbling,
thermal flipping, and random collisions of gas atoms. We
found that the random collisions of gas atoms, which act to
randomize the orientation of grains when they are thermally
rotating, can enhance the RAT alignment when the grains
are aligned with high-J attractor points. We also found that
for superparamagnetic grains, the presence of high-J attrac-
tor points occurs more frequently (Lazarian & Hoang 2008)
due to the joint action of paramagnetic relaxation and RATs.
In that sense, the inclusion of iron atoms into dust grains can
increase the fraction of grains aligned with high-J attractor
points and the degree of alignment eventually. However, a
comprehensive study on the degree of alignment as a func-
tion of radiation field, magnetic field and dust physics is
necessary for modeling dust polarization.
All earlier works assumed perfect alignment for the
grains larger than a critical size, which is drawn using the
condition of suprathermal rotation induced by RATs (CL05;
Bethell et al. 2007; Pelkonen, Juvela, & Padoan 2007). In
addition, the grain rotation induced by RATs was obtained
assuming that the radiation anisotropy direction is paral-
lel to the magnetic field direction. As a result, the earlier
results seem to overestimate the degree of grain alignment
and ultimate polarization level. Indeed, Hoang & Lazarian
c© 0000 RAS, MNRAS 000, 000–000
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(2009a) showed that the rate of suprathermal rotation is
maximum when the radiation anisotropy direction is par-
allel to the magnetic field and decreases with the increas-
ing angle ψ between the two directions, provided that the
magnetic field always is the axis of alignment. Since the po-
larization is determined by the fraction of grains with the
suprathermal rotation, such a decrease indicates that the
alignment efficiency tends to decrease with the increasing ψ.
This important prediction of RAT alignment was confirmed
by Andersson et al. (2011).
The efficiency of the Purcell torques, including torques
due to H2 formation, photoemission, and the variation of the
accommodation coefficient over the grain surface (Purcell
1979), which are fixed within the grain body, decreases when
the grain rapidly wobbles. The effect of thermal wobbling
was quantified in Lazarian & Roberge (1997) and the results
of this study were used by Lazarian & Draine (1999b) and
Lazarian & Draine (1999a) (hereafter LD99ab) to predict
new effects of grain dynamics, namely, thermal flipping and
thermal trapping. The thermal flipping is a phenomenon in
which the wobbling angle between the grain symmetry axis
and the angular momentum overcomes the separatrix angle
of 90◦. When this occurs, the torques that are fixed in the
grain body change their direction with respect the angular
momentum. When the thermal flipping occurs fast enough,
the Purcell torques get averaged out and the grain rotates
thermally in spite of the presence of the uncompensated pin-
wheel torques, i.e., it is thermally trapped.
Recently, the picture of thermal flipping was challenged
by Weingartner (2009). He found that the grain does not ex-
perience thermal flipping as a result of internal relaxation,
instead, it tends to be frozen at the separatrix (i.e., when
the grain symmetry axis becomes perpendicular to the an-
gular momentum). This is due to the fact that the diffusion
coefficient of internal relaxation vanishes when the grain
approaches the separatrix. Hoang & Lazarian (2009b) im-
proved the treatment of thermal flipping in LD99ab by con-
sidering the realistic situation in which the grain is subject
not only to internal relaxation, but also to random bom-
bardment by gas atoms. The latter is subdominant in most
of the time, but it becomes important when the grain ap-
proaches the separatrix. As a result, random collisions pre-
vent the grain from being frozen at the separatrix and there-
fore realistic grains do flip unlike the claim in Weingartner
(2009). Using the improved treatment of thermal flipping,
Hoang & Lazarian (2009b) showed that the H2 formation
torques can help to increase the alignment arising from RATs
through the additional spin-up.
Observational evidence for RAT alignment are
numerous and increasingly available (Whittet et al.
2008; Andersson & Potter 2010; Matsumura et al. 2011;
Andersson et al. 2011; Voshchinnikov et al. 2012). In par-
ticular, fundamental features of RAT alignment, such as
the dependence of alignment on radiation intensity and
anisotropy direction, have been tested and confirmed by ob-
servations (see Andersson & Potter (2010); Andersson et al.
2011). Very recently, Andersson et al. (2013) report an
important evidence for the enhancement of grain alignment
due to H2 formation torques in the reflection nebula IC 63.
The detailed modeling for RAT alignment in the presence
of H2 formation torques by Hoang, Lazarian & Andersson
(2014, in preparation) shows that the enhancement of
alignment for some lines of sight can originate from the
local enhancement of H2 torques within the IC 63 nebula,
but the RAT alignment induced by strong radiation from
the γ Cas star still plays a leading role.
This paper is intended to provide a detailed modeling
of grain alignment and dust polarization using the latest
theoretical progress. In particular, we are going to explore
the grain alignment in special environments for which ob-
servational tests are feasible, such as the local interstellar
medium (LISM), Zodiacal cloud (ZC), cometary comae, as
well as accretion disks. Special attention is paid to under-
standing the main alignment mechanisms in these environ-
ments and implications for probe of interplanetary mag-
netic fields (IMFs) and for polarized cosmic microwave back-
ground (CMB) studies.
The paper is structured as follows. In §2, we summarize
the principal processes and their characteristic timescales
involved in grain alignment. A description of basic features
of grain alignment by RATs and their degree of alignment
is presented in §3. In §4 we present a method for modeling
of linear polarization by aligned grains in a given molecular
cloud. The possibility of grain alignment by RATs for accre-
tion disks is revisited in §6. We apply our method to model
grain alignment and calculate the linear polarization for the
LISM in §5. The alignment of grains in ZC and cometary
comae is discussed in §7 and 7.4, where predictions of de-
gree of circular polarization (CP) arising from scattering by
aligned grains are presented. The discussion and summary
is presented in §8 and 9.
2 GRAIN ALIGNMENT MECHANISMS AND
CHARACTERISTIC TIMESCALES
In this section, we summarize the principal processes in-
volved in grain alignment and their characteristic timescales.
In general, the alignment process of dust grains can be di-
vided into two stages: (i) the alignment of grain axes with
the angular momentum J and (ii) the alignment of J with
the ambient magnetic field B. The former usually occurs
over a short timescale due to internal relaxation processes,
namely, inelastic relaxation, Barnett relaxation and nuclear
relaxation (see Section 2.2). The latter occurs over a much
longer timescale and involves a number of competing pro-
cesses including the rotational damping, the Larmor preces-
sion of grain magnetic moment around the ambient magnetic
field, and the precession time of grain electric dipole moment
around the electric field, and the precession of grain around
the radiation direction.
2.1 Grain geometry
In the following, we consider oblate spheroidal grains with
moments of inertia I1 > I2 = I3 along the grain’s principal
axes. Let us denote I‖ = I1 and I⊥ = I2 = I3. They take
the following forms:
I‖ =
2
5
Ma2 =
8π
15
ρba4, (1)
I⊥ =
4π
15
ρa2b
(
a2 + b2
)
, (2)
where a and b are the lengths of semi-major and semi-minor
axes of the oblate spheroid with axial ratio r = a/b > 1, and
c© 0000 RAS, MNRAS 000, 000–000
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ρ is the grain material density. The factor h = I‖/I⊥ is then
equal to
h =
2a2
a2 + b2
=
2
1 + s2
, (3)
where s = b/a ≡ 1/r < 1.
2.2 Barnett relaxation
Barnett (1915) pointed out that a rotating paramagnetic
body gets magnetized with the magnetic moment parallel to
the angular velocity.6 This effect can easily be understood
using a classical model.
Consider a paramagnetic grain which is rotating with
the angular velocity Ω. As the grain rotates with angu-
lar velocity Ω, the torque acting on the electron spin is
d
dt
J = Ω × J. The equivalent torque can be induced by a
magnetic field HB acting on the magnetic moment µ as-
sociated with the spin, i.e. 1/cµ ×HB, which provides the
Barnett-equivalent field Heqv = (Jc/µ) Ω. The latter can
also be presented as
Heqv =
Ω
γg
, (4)
where γg = µ/(Jc) = eJ/(meJc) = e/(mec), with e the
electron charge and me the electron mass, is the magneto-
mechanical ratio of an electron.
Purcell (1979) showed that as the grain wobbles, the
changes of magnetization in the grain axes cause the in-
ternal relaxation, which he termed "Barnett relaxation".
Lazarian & Draine (1999a) (LD99a) revisited the problem
by taking into account both spin-lattice and spin-spin re-
laxation (see Morrish 1980). The Barnett relaxation time is
equal to (Purcell 1979)
τBar =
γ2gI
3
‖
V K(ω)h2(h− 1)J2 , (5)
where V is the grain volume, h = I‖/I⊥, K(ω) = χ
′′(ω)/ω1
with ω1 = (h− 1)J cos θ/I‖ and θ the angle between J and
a1 (LD99a).
For oblate spheroidal grains, we obtain
τBar ≈ 0.5ρˆ2a7−5sˆ
(
1 + sˆ2
2
)2 (
Jd
J
)2 [
1 +
(
ω1τel
2
)2]2
yr, (6)
where a−5 = a/10
−5 cm with a being the grain size, sˆ =
s/0.5, ρˆ = ρ/3 g cm−3 with ρ being the grain material den-
sity, τel ∼ τ2 ∼ 2.9×10−12f−1p s with assumption of fp = 0.1
is the spin-spin coupling time; Jd =
√
I‖kBTd/(h− 1) is the
dust thermal angular momentum.7
Although Purcell (1979) considered grains with both
electron and nuclear spins, his study missed the effect of
internal relaxation related to nuclear spins. LD99a found
6 This is an inverse of the Einstein-de Haas effect, that was used
to measure the spin of the electron. To grain alignment theory the
Barnett effect was introduced by Dolginov & Mitrofanov (1976b),
who noticed that the effect should induce the magnetic moment
of grains.
7 The relaxation of electron spins results from the spin-lattice
and spin-spin relaxation, with time scales τ1 ≫ τ2, so here we
adopted τel ∼ τ2 (Draine 1996).
that for astrophysical grains of realistic composition nuclear
spins induce a new type of relaxation, which was termed
"nuclear relaxation" by LD99a. This relaxation can be un-
derstood in a simple-minded approach in terms of much
stronger equivalent magnetic field given by Equation (4).
Indeed, this field is proportional to the mass of the species
involved. As the paramagnetic relaxation is proportional to
H2eqvχ
′′ ∝ γ2gχ(0)τ ∝ m2(1/m2)τ ∼ τ , and as τn ≫ τel, one
can understand the nature of the dominance of the nuclear
relaxation, which has a characteristic time:
τnucl ≈ 3.1× 10−6ρˆ2a7−5sˆ
(
1 + sˆ2
2
)2 (
Jd
J
)2
×
[
1 +
(ω1τn)
2
2
]2
yr, (7)
where τn is the relaxation rate induced by the nucleus-
nucleus and electron-nucleus spin interactions (see LD99a).
2.3 Rotational damping
The damping of grain rotation mainly arises from collisions
with gas atoms and emission of infrared photons by the grain
(Purcell & Spitzer 1971; Roberge et al. 1993).
Collisions of a grain with gas atoms consist of sticking
collisions in which gas atoms stick to the grain surface fol-
lowed by their evaporation. In the grain frame, the mean
torque arising from the sticking collisions for an axisym-
metric grain rotating around its symmetry axis tends to
zero when averaged over the grain revolving surface. On the
other hand, the evaporation induces a non-zero mean torque,
which is parallel to the rotation axis (see Roberge et al.
1993; Lazarian 1997).
The rotational damping rate due to the dust-gas colli-
sions is given by
〈∆J〉
∆t
= − J
τgas
, (8)
where τgas is the gaseous damping time:
τgas =
3
4
√
π
I‖
nHmHvtha4Γ‖
,
= 7.3× 104ρˆsˆa−5
(
100K
Tgas
)1/2(
30 cm−3
nH
)(
1
Γ‖
)
yr, (9)
where vth = (2kBTgas/mH)
1/2 is the thermal velocity of a
gas atom of mass mH in a plasma with temperature Tgas and
density nH. Above, Γ‖ is a geometrical parameter, which is
equal to unity for spherical grains. This timescale is compa-
rable to the time required for the grain to collide with an
amount of gas equal to its own mass.
IR photons emitted by the grain carry away part of
the grain’s angular momentum, resulting in damping of the
grain rotation. The rotational damping rate by IR emission
can be written as
τ−1IR = FIRτ
−1
gas , (10)
where FIR is the rotational damping coefficient for
a grain having an equilibrium temperature Td (see
Draine & Lazarian 1998), which is given by
FIR =
(
0.91
a−5
)(
urad
uISRF
)2/3(30 cm−3
nH
)(
100K
Tgas
)1/2
, (11)
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where urad is the energy density of the interstellar radi-
ation field (ISRF) and uISRF = 8.64 × 10−13 ergs cm−3
is the energy density of the local ISRF as given by
Mezger, Mathis, & Panagia (1982).
The rotational damping rate is then given by
τ−1drag = τ
−1
gas + τ
−1
IR = τ
−1
gas (1 + FIR) . (12)
For large grains of size a > 10−5 cm, the gaseous
damping is dominant and τdrag ≈ τgas. For small grains of
a = 10−6 − 10−5 cm, the damping by IR emission becomes
dominant for most of the interstellar medium (ISM), ex-
cept for molecular clouds (Draine & Lazarian 1998). In the
above equation, the damping due to passing ions (plasma
drag) and ion collisions is disregarded due to their negligi-
ble importance for a > 0.01µm grains considered in this
paper.
Usually, we represent the grain angular momentum and
timescales in units of the thermal angular momentum Jth
and gaseous damping time τgas. The former is given by
Jth =
√
I‖kBTgas =
√
8πρa5s
15
kBTgas,
= 5.9× 10−20 sˆ1/2ρˆ1/2a5/2−5
(
Tgas
100K
)1/2
g cm2rad s−1.(13)
Similarly, the thermal angular velocity is equal to
ωth =
(
2kBTgas
I‖
)1/2
,
= 3.3× 105 sˆ1/2ρˆ−1/2a−5/2−5
(
Tgas
100K
)1/2
s. (14)
2.4 Larmor precession of J around B
A rotating grain can acquire a magnetic moment thanks
to the Barnett effect (see Barnett 1915; Landau & Lifshitz
1969) and the rotation of its charged body (Martin 1972b;
Dolginov & Mytrophanov 1976). The Barnett effect, which
is shown to be much stronger than the latter, induces a
magnetic moment proportional to the grain angular velocity:
µBar =
χ(0)V h¯
gµB
ω, (15)
where g is the gyromagnetic ratio, which is ≈ 2 for electrons,
and µB = eh¯/2mec is the Bohr magneton (see Draine 1996
and references therein).
The interaction of this magnetic moment with the exter-
nal static magnetic field, governed by the torque [−µBar ×
B] = −µBarB sin ξφˆ ≡ I‖ω sin ξdφ/dtφˆ, causes the regular
precession of the grain angular momentum around the mag-
netic field direction. The rate of such a Larmor precession
denoted by τB, is given by
τB =
2π
dφ/dt
=
2πI1ω
µBarB
,
= 0.84ρˆ−1/2χˆ−1Bˆ−1a2−5 yr, (16)
where fp = 0.01 is assumed, and Bˆ = B/5µG and χˆ =
χ(0)/10−4 are the normalized magnetic field and magnetic
susceptibility, respectively.
2.5 Precession aˆ1 around the anisotropic direction
k
Lazarian & Hoang (2007a) found that the third component
of RAT efficiency, Qe3, induces the grain precession around
the anisotropic direction of radiation field k. The timescale
for such a RAT precession is defined by
τk =
2π
|dφ/dt| ,
= 3.2 × 103ρˆ1/2Tˆ 1/2
(
λˆuˆrad
)−1
Qˆ−1e3 a
1/2
−5 yr, (17)
where Tˆ = Tgas/100K and
dφ
dt
=
γraduradλa
2
eff
2I1ω sin ξ
QΓ.Φˆ =
γraduradλa
2
eff
I1ω
Qe3. (18)
Above, Qˆe3 = Qe3/10
−2, λˆ = λ/1.2µm, uˆrad = urad/uISRF,
and γrad = 0.1 for the anisotropy of radiation field. In deriv-
ing Equation (17) ω = ωth has been used. For axisymmet-
ric grains, the two first components of RAT efficiency, Qe1
and Qe2 are equal to zero, while the third component Qe3
is non-zero (see Lazarian & Hoang 2007a). Therefore, Qe3
produces the fast precession of grains around k.
The alignment of grains whether with the radiation di-
rection or magnetic field depends on the rate of grain pre-
cession around these axes. From Equations (17) and (16),
the ratio of the precession rate around the radiation to that
around the magnetic field is equal to
τk
τB
= 3.3× 103ρˆχˆTˆ 1/2a−3/2−5
(
Bˆ
λˆuˆrad
)
Qˆ−1e3 . (19)
It can be checked easily that for the typical diffuse ISM,
τB/τk ∼ 10−3, i.e., the Larmor precession is much faster
than the precession induced by RATs. Therefore, the mag-
netic field plays the role of the alignment axis.
2.6 Precession of grain electric dipole moment p
around E
In addition to magnetic moments, dust grains posses elec-
tric dipole moments. The electric dipole moment of a grain
consists of the intrinsic moment due to molecules and sub-
structures with polar bonds, and the moment due to the
asymmetric distribution of grain charge. It can be written
as
p2 = (ǫQa)2 + p2int, (20)
where Q is the grain charge and ǫa is the displacement
between the grain charge centroid and the center of mass
(see Draine & Lazarian 1998). The grain charge centroid is
present for irregular grains even if they perfectly conducting
(Purcell 1975).
For ultrasmall grains (e.g., polycyclic aromatic hydro-
carbons), the intrinsic dipole moment pint dominates, but
for larger grains the dipole moment due to the charge dis-
tribution becomes dominant. The latter can be rewritten as
p = 1.0× 10−15
(
U
0.3V
)(
ǫ
10−2
)
a−5 statC cm, (21)
where U ≈ Q/a is the grain electrostatic potential.
In an ambient electric field E, the grain electric dipole
moment precesses around E at a rate
ΩE ≡ 2π
τE
=
p.E
J
, (22)
c© 0000 RAS, MNRAS 000, 000–000
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where τE = 2π/|dφ/dt| with φ being the precession angle of
J around E. Here, we have assumed that the dipole moment
p is coupled to the grain angular momentum.
The electric field can be produced by static charges
and/or the relative motion of charged grains across mag-
netic fields. The latter is given by cE = −v×B, which can
be significant for grains of supersonic motion. Assuming the
electric field E = 10−5V cm−1 = 10−5 × 108/c statVcm−1
and the grain electrostatic potential U = 0.3V for Equation
(22),8 we obtain
τE = 7.0× 10−4ρˆ
(
ǫ
10−2
)(
U
0.3V
)−1 ( E
10−5V cm−1
)−1
×
(
ω
ωth
)(
Tgas
100K
)1/2
a
1/2
−5 yr. (23)
2.7 Davis-Greenstein Paramagnetic Alignment
A classical mechanism of grain alignment based on para-
magnetic dissipation was proposed by Davis & Greenstein
(1951). The underlying idea of the mechanism is that, a
paramagnetic grain gets magnetized with an instantaneous
magnetization M parallel to the induced magnetic field B.
For a rotating grain, the continuous magnetization induces
the dissipation of grain rotational energy into vibrational en-
ergy, which brings the grain into alignment with J parallel
to B.
Due to the paramagnetic dissipation, the angle β be-
tween J and B gradually decreases with time as
I‖ω
dβ
dt
= −K(ω)V B2ω sin β cos β, (24)
where V is the grain volume and K(ω) = χ′′(ω)/ω.
The above equation can be rewritten as
dβ
dt
= − sin β cos β
τDG
, (25)
where the characteristic timescale τDG is given by
τDG =
I‖
K(ω)V B2
≡ 2ρa
2
5K(ω)B2
≈ 1.2× 106ρˆTˆdBˆ−2a2−5
(
1.2× 10−13 s
K(ω)
)
yr, (26)
where Tˆd = Td/15K with Td being the dust temperature.
For slowly rotating grains with ω < 108 s−1, K(ω) ≈ 1.2 ×
10−13 s, and K(ω) decreases rapidly with the increasing ω
(see Draine 1996).
2.8 Mechanical alignment
Mechanical alignment mechanism proposed by Gold (1952b)
is based on impact of atoms and molecules to spin the grain
up. Basically, each impact deposits an increment of angular
momentum δJ = amHvflow to the grain. Assuming random
walk for the impacts, the total increase of grain rotational
energy per unit of time is equal to (∆J)2/∆t = Rcoll(δJ)
2,
where Rcoll = nHvflowπa
2 is the rate of collisions. Following
8 The electric field in the earth atmosphere is estimated as E =
6 × 10−1Vcm−1 at the height of 2 km and decreases with the
increasing latitude.
Dolginov & Mitrofanov (1976b), the timescale for the me-
chanical alignment is defined as the time required to spin
up the grain from an initial angular momentum J0:
τGold =
J20
(∆J)2/(∆t)
=
J20
γnHm2Hv
3
flowπa
4
(27)
Assuming J0 = Jth, the alignment by the gaseous flow
occurs over a timescale
τGold =
16ρkBTgasa
15γ2flownHm
2
Hv
3
flow
= 1.7× 107γˆa−5
(
Tgas
100K
)(
nH
30 cm−3
)−1
×
(
vflow
105 cm s−1
)−3
yr, (28)
where γˆ = γflow/0.1 is the anisotropy of the gaseous
flow, and vflow is the velocity of the flow relative
to the ambient gas and for a spherical of equiva-
lent radius a. Several mechanisms of dust acceleration
based on interactions of MHD turbulence with charged
grains have been shown to drive grains to supersonic
motion (Yan & Lazarian 2003; Yan, Lazarian, & Draine
2004; Hoang, Lazarian, & Schlickeiser 2012). The mechan-
ical alignment for helical grains of subsonic motion was dis-
cussed in Lazarian & Hoang (2007b).
3 GRAIN ALIGNMENT BY RADIATIVE
TORQUES
Consider a grain subject to an external regular torque Γ,
and a damping torque arising from collisions with gas atoms
and the emission of IR photons. The evolution of the grain
angular momentum is then governed by the conventional
equation of motion:
dJ
dt
= Γ− J
τdrag
, (29)
where τdrag is the rotational damping time given by Equa-
tion (12), and the second order effect of random collisions
by gas atoms is disregarded.
The value of grain angular momentum in a stationary
state, denoted by Jmax, can be obtained by setting dJ/dt =
0. Thus,
Jmax = ΓJ × τdrag, (30)
where ΓJ is the the torque component projected onto the
direction of J.
3.1 Anisotropic Radiative Torques
Let uλ be the energy density of radiation field per wave-
length λ and γrad its anisotropy. Denote urad =
∫
uλdλ,
which is the energy density of radiation. The magnitude of
RAT arising from the interaction of radiation field with an
irregular grain of size a is given by
Γλ = γradπa
2uλ
(
λ
2π
)
QΓ, (31)
where QΓ is the RAT efficiency (see DW96).
For the case the radiation direction parallel to the axis
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of maximum moment of inertia, a1, LH07 found that the
RAT efficiency can be approximated by a power law:
QΓ ≈ 0.4
(
λ
a
)η
, (32)
where η = 0 for λ <∼ 2a and η = −3 for λ≫ a.
From Equations (30) and (32) one can determine the
maximum angular momentum induced by RATs as:
JRATmax
Jth
=
(∫
Γλdλ
)
τdrag
Jth
, (33)
≈ 200γˆradρˆ1/2a1/2−5
(
30 cm−3
nH
)(
100K
Tgas
)
×
(
λ¯
1.2µm
)(
urad
uISRF
)(
QΓ
10−2
)(
1
1 + FIR
)
,(34)
where γˆrad = γrad/0.1,
λ¯ =
∫
λuλdλ
urad
, (35)
QΓ =
∫
QΓλuλdλ
λurad
, (36)
are the wavelength and RAT efficiency averaged over the
entire radiation field spectrum, respectively.
Using Equations (32)-(36), we can calculate the maxi-
mum rotation rate JRATmax due to RATs for a grain of size a
embedded in the radiation field uλ.
The characteristic timescale for RATs to spin a grain
from thermal rotation to suprathermal rotation is defined
as
τspin−up =
Jth
dJ/dt
=
Jth
Γ− J/τdrag
=
τdrag
Jmax/Jth − 1 , (37)
where Equation (29) has been used.
3.2 Dependence of RAT alignment on radiation
direction
The maximum grain angular momentum induced by RATs,
JRATmax (Eq. 34), is obtained assuming that the anisotropic
direction of the radiation field k is parallel to the axis of
major inertia a1 (i.e., Θ = 0). In the presence of a magnetic
field, the grain usually rotates about the axis of alignment,
B. Thus, the exact value JRATmax may be reduced due to pro-
jection effect.
Hoang & Lazarian (2009a) found that JRATmax decreases
with the increasing angle ψ between k and B. Since the
RAT alignment tends to occur with J parallel to B, only
the RAT component projected onto B is to spin grains up
to the maximum angular momentum:
JRATmax (ψ) = J
RAT
max (ψ = 0) cosψ, (38)
where JRATmax is given by Equation (34). The above equa-
tion is easily obtained by using Equation (30) and cosΘ =
1 for the perfect internal alignment. Indeed, the pro-
jection of RATs onto B is equal to ΓJ ∝ QJ(ψ) =
Qe1 cosΘ cosψ − Qe2 sinΘ cosψ. For cosΘ = 1, we ob-
tain QJ(ψ) = Qe1 cosψ = QJ (ψ = 0) cosψ or ΓJ (ψ) =
ΓJ (0) cosψ.
From Equation (38) we can see that JRATmax (ψ = 90
◦) =
0. However, this value is obtained for the case without in-
ternal thermal fluctuations. When such thermal fluctuations
are taken into account, it is expected that JRATmax (ψ = 90
◦) ∼
Jd (i.e., grains rotate thermally regardless of radiation inten-
sity; Hoang & Lazarian 2008).
In addition to dependence on ψ, the existence of high-
J attractor points depend on other parameters, including
grain shape, size, and spectrum of the radiation field (see
Lazarian & Hoang 2007a).
3.3 Suprathermal rotation and critical size of
aligned grains
In the RAT alignment mechanism, some grains are aligned
with high-J attractor points with JhighJ = Jmax(ψ) given
by Equation (34), whereas most grains are driven to low-
J attractor points having JlowJ ∼ Jth. The alignment of
grains with high-J attractor points is stable if grains rotate
suprathermally, i.e., Jmax(ψ) ≫ Jth. Using the Langevin
equations to follow the RAT alignment of grains in the pres-
ence of gas collisions, Hoang & Lazarian (2008) found that
grains can have a stable alignment when Jmax(ψ)/Jth ≈ 3.
We assume that the critical size of suprathermal rota-
tion is identical to the critical size of aligned grains, denoted
by aali. Therefore, throughout this paper, we are interested
only in aali. Taking the usage of the condition for the stable
alignment Jmax(ψ) ≈ 3Jth for Equation (34), one can deter-
mine aali as a function of the environment parameters, in-
cluding urad, nH, and Tgas. Since RATs increase rapidly with
a, grains larger than aali would suprathermally be rotating,
i.e., Jmax(ψ) > 3Jth, which results in the perfect internal
alignment of grain axes with the angular momentum.
Using the degree of alignment as a function of grain size
inferred from the best-fit model to the observational data,
Hoang, Lazarian, & Martin 2014 (submitted to ApJ) find
that the alignment of a > aali grains plays a crucial role
for the optical and IR polarization, whereas the alignment
of a < aali grains can contribute to the polarization in ul-
traviolet (UV). Therefore, the determination of aali is very
important for modeling dust polarization.
3.4 Degree of RAT alignment
First, we consider the alignment of grains larger than aali,
which have suprathermal rotation induced by RATs. Let
QX = 〈GX〉 with GX =
(
3 cos2 θ − 1
)
/2 be the alignment
efficiency of the grain axis of major inertia with angular mo-
mentum, and let QJ = 〈GJ 〉 with GJ =
(
3 cos2 ξ − 1
)
/2 be
the alignment efficiency of the angular momentum and the
magnetic field. Here the angle brackets denote the average
over the ensemble of grains. Let fhighJ be the fraction of
grains that are aligned with high-J attractors. Since grains
that are aligned with high−J attractors have perfect align-
ment, we can write the alignment degree of angular momen-
tum as
QJ = fhighJ + (1− fhighJ)QJ,lowJ. (39)
where QJ,lowJ is the degree of alignment of grains with low-J
attractors.
LH07 showed that fhighJ in general depends on a num-
ber of parameters, including the grain size a, the ratio of
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RAT efficiency qmax, the radiation direction ψ, and the radi-
ation field urad. In this paper, we won’t attempt to compute
an exact value of fhighJ, which appears impossible given its
dependence on numerous uncertain parameters. Thus, we
treat fhighJ as a model parameter throughout this paper.
The Rayleigh reduction factor is defined as
R(a) =< GJGX >≈ fhighJ + (1− fhighJ)QJ,lowJQX,lowJ, (40)
where we have used the fact that the alignment of suprather-
mally rotating grains with high-J attractors (i.e, J2 ≫
I‖kTd) corresponds to the perfect internal alignment, i.e.,
QX,highJ = 1. Equation (40) can be simplified further us-
ing the approximation QJ,lowJ ≈ 1. Here, we disregard the
correlation of QX and QJ , which is minor for suprathermal
grains (see Roberge & Lazarian 1999; Hoang et al. 2014).
The degree of internal alignment for the low-J attrac-
tor point QX,lowJ at which the grain axes undergo strong
thermal fluctuations due to the exchange of vibrational and
rotational energy can be calculated by
QX,lowJ =
∫ π
0
GXfVRE(θ, JlowJ) sin θdθ, (41)
where
fVRE(θ, JlowJ) = Z exp
(
− J
2
lowJ
2I‖kBTd
[
1 + (h− 1) sin2 θ
])
(42)
is the distribution function of grain axis with respect to
angular momentum with Z being the normalization de-
termined by
∫ π
0
fVRE sin θdθ = 1, and h = I‖/I⊥ (see
Lazarian & Roberge 1997). Hoang & Lazarian (2008) found
that JlowJ is determined by the internal thermal fluctua-
tions, which is comparable to vibrational energy, i.e., JlowJ ≃(
2I‖kBTd
)1/2
.
Small grains with a 6 aali can be weakly aligned by
paramagnetic relaxation and are important for the polar-
ization at UV wavelength as well as spinning dust polar-
ization (Hoang et al. 2013), whereas the a > aali aligned
grains dominate the starlight polarization in optical and IR
(Hoang et al. 2014). Therefore, it is reasonable to disregard
the contribution of small aligned grains while dealing with
the optical/IR polarization and set R(a < aali) = 0.
One important parameter in polarization modeling is
the fraction of grains aligned with high-J attractor points,
fhighJ. For ordinary paramagnetic material, the RAT align-
ment is rarely perfect, i.e., fhighJ < 1. fhighJ is signifi-
cantly increased for grains with superparamagnetic inclu-
sion (Lazarian & Hoang 2008). For alignment with high-
J attractor points, fhighJ is able to reach unity (i.e., per-
fect alignment) when the collisional excitation arising from
gas bombardment is taken into account (Hoang & Lazarian
2008).
4 MODELING DUST POLARIZATION
Below, we describe our general approach to model the align-
ment of grains by RATs induced by radiation fields in a
molecular cloud and calculate linear polarization of starlight
by the aligned grains.
x
r
los
0R
1 2
τx
τz
z
Figure 1. Schematic illustration of a molecular cloud illuminated
by a nearby star. The plane containing lines of sight xˆzˆ is perpen-
dicular to the sky plane. The star is assumed to be located in the
sky plane perpendicular to the plane xˆzˆ and illuminates grains
in the xˆ direction. Two background stars (1 and 2) are observed
through the cloud with different values of optical depth, τz .
4.1 Radiative transfer
We consider a molecular cloud in which grains are illumi-
nated both by the stellar radiation from a nearby star as
well as attenuated ISRF. The distance from the cloud to
the star d⋆ is assumed to be much larger than the cloud
radius. We assume that the ISRF is anisotropic with the
degree of anisotropy η, whereas the stellar radiation is com-
pletely anisotropic (parallel beam). A schematic illustration
of our study is shown in Figure 1.
Let τx and τz be the optical depths due to dust extinc-
tion along the xˆ and zˆ directions, respectively. We divide the
plane of sightlines into a two dimension grid of Nx×Nz cells.
The gas density and density of radiation energy at each cell
are given by nH(x, z) and uλ(x, z), respectively. Also, the
gas temperature Tgas in general is a function of x and z.
Provided the temperature of the star T⋆ and the dis-
tance d⋆ from the cloud, we can derive the spectral energy
density uλ as follows:
uλ =
4π
c
∫
IλdΩ
4π
, (43)
where Iλ is the intensity of radiation and Ω is the solid angle
in steradians (see Appendix A). Due to the dust extinction,
the energy density decreases as
uλ =
4πBλ(T⋆)
c
(
R⋆
d⋆
)2
e−τx(λ) + uλ(ISRF), (44)
where the second term denotes the attenuated ISRF inside
the cloud. Here, the IR emission of dust grains is disregarded
because the RATs induced by the IR emission are negligible
for interstellar grains (i.e., a≪ λ).
The optical depth per length along xˆ and zˆ directions
c© 0000 RAS, MNRAS 000, 000–000
Grain alignment by Radiative Torques in Special Conditions and Implications 9
10−1 100 101
λ(µm)
10−2
10−1
100
τ λ
/N
H
(1
0
−
2
1
c
m
−
2
)
Figure 2. Optical depth per column density NH for the dust
model consisting of carbonaceous grains and amorphous silicate
grains from Draine & Li (2007). The bump at λ = 0.2175 µm
arises from the absorption feature of carbonaceous grains and the
bump at λ = 9.8µm is a silicate feature.
are respectively given by
dτx(λ) =
∫ amax
amin
dn
da
Cext(λ, a)dadx, (45)
dτz(λ) =
∫ amax
amin
dn
da
Cext(λ, a)dadz, (46)
where Cext is the extinction cross section for a randomly ori-
ented grain given in Equation (B2) and dn/da is the grain
size distribution. For our modeling, we assume a dust model
consisting of amorphous silicate grains and carbonaceous
grains as in Draine & Li (2007) for RV = 3.1. If another
grain size distribution is employed, it shall be clearly stated.
The optical depth per gas column density for the adopted
dust model is shown in Figure 2.
Provided the parameters of the illuminating star, one
can solve Equation (44) for uλ inside the cloud. The total
energy density is obtained by integrating uλ over the en-
tire spectrum of the stellar radiation field, i.e., urad(x, z) =∫
uλdλ.
4.2 Critical size of aligned grains
Using urad(x, z) for Equation (34) one obtain Jmax/Jth. The
critical size aali(x, z) of aligned grains induced by RATs can
be computed using the criteria in Section 3.
4.3 Polarization Curves
Consider a column of dust along the zˆ direction with
the column density given by the visual extinction AV =
1.086τz(λ = 0.55 µm). The alignment of grains along this
line of sight is determined by aali(x, z).
The schematic illustration of calculations is shown in
Figure 1. For simplicity, we assume that magnetic fields are
uniform throughout the cloud and make an angle ξ with
the sky plane xˆyˆ, while the starlight propagates along the zˆ
direction.
When aali(x, z) is known, the polarization arising from
the aligned grains in a cell of dz is computed as
dpλ(x, z) =
∫ amax
aali
(Cx − Cy)
2
(dn/da)dadz, (47)
where the polarization arising from weakly aligned small
grains a < aali is disregarded and graphite grains are as-
sumed randomly oriented. It was shown in Hoang et al.
(2013) that small grains have small but finite residual align-
ment degree. However, they mostly affect the polarization
of starlight in the UV wavelengths, whereas the peak of po-
larization is determined by aligned large grains.
Plugging Equation (B7) into this above equation, we
obtain
dpλ(x, z) =
∫ amax
aali
CpolR(a) cos
2 ξ
dn
da
dadz. (48)
Using the Raleigh reduction factor R from Equation
(40) for the above equation, we obtain
dpRATλ (x, z) =
∫ amax
aali,RAT
Cpol
[
fRAThighJ + (1− fRAThighJ)QX,lowJ
]
cos2 ξ
×dn
da
dadz, (49)
where QX,lowJ is the degree of internal alignment with
low−J attractors (see Eq. 41).
In general, fhighJ is a function of grain size, grain shape,
grain composition, and properties of the radiation field. To
account for such a dependence, we introduce a parameter
so-called the average fraction of grains aligned with high-J
attractor points, fhighJ, and consider for different values of
fhighJ.
Equation (49) is integrated over z to obtain the po-
larization pλ(x) for each line of sight determined by the x
coordinate (or visual extinction AV ).
In the following, we apply our method to study grain
alignment and predict polarization by aligned grains in the
different environments that can be testable observationally.
The description in this section is for a two dimensional cloud
but it is easy to extend for three dimensional clouds (e.g.,
accretion disks and cometary coma).
5 GRAIN ALIGNMENT IN LOCAL
INTERSTELLAR MEDIUM
5.1 Local Interstellar medium and Local
Radiation Field
LISM, extending from the Sun to the wall of Local Bubble at
a distance d ∼ 100 pc (see Figure 3), is an ideal location to
test modern theories of grain alignment. Moreover, the linear
polarization of nearby stars induced by aligned grains allows
us to probe local magnetic fields and physical properties of
the LISM (see e.g., Frisch et al. 2012).
Observations in Frisch et al. (2012) revealed a slow vari-
ation of the polarization with distance d from the Sun for
nearby stars within d = 5 − 40 pc; although, their observa-
tions have strong fluctuations. On the other hand, measure-
ments of polarization of nearby bright stars using a high pre-
cision polarimeter (PlanetPol) by Bailey, Lucas, & Hough
(2010) have showed that the polarization indeed increases
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solar wind pause
Figure 3. Schematic illustration of the local interstellar medium,
Zodiacal cloud and heliosphere. The Parker spiral magnetic field
around the Sun is shown in green lines.
with the increasing distance d, indicating the ubiquity of
aligned grains in the LISM.
5.2 Grain Alignment
Let us discuss the possible alignment mechanisms in the
LISM. Due to very low density, the LISM is optically thin,
and the stellar radiation can freely propagate through the
medium. Thus, we assume that the local ISRF can be de-
scribed by the model of Mathis, Mezger, & Panagia (1983),
which is the average radiation field in the solar neighbor-
hood.
We assume physical parameters for the idealized LISM
with the gas density nH ≈ 0.2 cm−3, Tgas ≈ 6000K, al-
though the LISM is known to be very patchy. The typi-
cal magnetic field B = 5µG is expected (see a recent re-
view by Frisch, Redfield, & Slavin 2011). Using these typical
parameters, we can estimate the timescale that the Davis-
Greenstein mechanism brings grains to be aligned with the
magnetic field:
τDG ≈ 1.2× 106a2−5 yr, (50)
whereas the gas bombardment tends to random-
ize the grain alignment over a timescale τgas ≈
1.4× 106
(
0.2 cm−3/nH
)
a−5 yr. Thus, the Davis-Greenstein
mechanism is inefficient for large grains with a−5 > 1 (or
a < 0.1µm) because τDG > τgas. Small grains of a−5 < 1 are
not efficiently aligned by the Davis-Greenstein mechanism
either due to strong rotational damping by IR emission.
Indeed, using Equation (11), one can estimate the rota-
tional damping coefficient by the infrared emission FIR for
the LISM condition as
FIR =
7.6
a−5
(
urad
uISRF
)2/3(0.2 cm−3
nH
)
. (51)
For a−5 < 1, the total damping rate for the grain becomes
τdrag = τgas(1 + FIR)
−1 ≈ τgasF−1IR ,
= 1.1× 105a2−5
(
urad
uISRF
)−2/3
yr. (52)
Comparing τdrag with τDG from Equation (50), it turns
out that grains cannot be aligned by the Davis-Greenstein
mechanism since τdrag ≪ τDG.
Using Langevin equations, Hoang et al. (2014) studied
the alignment of small grains (a < 0.1µm) by the param-
agnetic relaxation, taking into account the various damp-
ing and excitation processes. They found that the degree of
paramagnetic alignment of such small grains is at most of
5% for the conditions of warm ionized medium (e.g., similar
to LISM) with the magnetic field B = 10µG. Obviously, the
RAT alignment appears to be the principal mechanism that
drives grain alignment in the LISM.
From Equations (34) and (52), one can estimate the
maximum rotation rate induced by RATs for the cases in
which the grain rotational damping is dominated by gas col-
lisions and IR emission. These are respectively given by
JRATmax
Jth
≈ 500γˆrada1/2−5
(
QΓ
10−2
)
, for a > 10−5 cm, (53)
JRATmax
Jth
≈ 66γˆrada3/2−5
(
QΓ
10−2
)
, for a < 10−5 cm. (54)
It can be seen that small grains of a−5 ∼ 1 can still rotate
suprathermally thanks to RATs.
5.3 Polarization by aligned grains due to RATs
To calculate the polarization of starlight by aligned grains
in the LISM, we model it as a thin disk of the heliocentric
radius Rhelio = 100 pc. It is worth noting that the mag-
netic field direction in the LISM has been studied through
the polarization of nearby stars and is found to be close to
the direction of the interstellar magnetic field (i.e., parallel
to the Galactic plane; Frisch et al. 2011). However, detailed
information on the magnetic field along the entire line of
sight to a particular star is unknown. Thus, we consider
the magnetic field in the galactic plane but incorporate the
magnetic geometry along the line of sight into the effective
degree of alignment, Reff = R cos
2 ξ.
We take the local radiation field from Mezger et al.
(1982) with urad = uIRSF = 8.64 × 10−13 ergs cm−3. From
Equation (54), one can derive the critical size of aligned
grains aali ≈ 0.07µm for the LISM, which does not depend
on the gas density ngas due to the dominance of damping
by IR emission. Note that QΓ decreases rapidly with a. For
the ISRF, we estimate QΓ ≈ 2.4× 10−3
(
λ¯/1.2 µm
)−2.7
a2.7−5
for a≪ λ.
Figure 4 (upper) shows the polarization curve arising
from grains aligned in the local magnetic field due to RATs.
The wavelength at which the polarization peaks, λmax, is
equal to 0.4µm.
Figure 4 (lower) shows the maximum polarization pre-
dicted for two models with ngas = 0.2 cm
−3 (solid line,
model 1) and ngas = 0.015 cm
−3 (dashed line, model 2)
for R cos2 ξ = 0.9. The polarization data of the stars with
R. A. < 17 h from Bailey et al. (2010) are shown in filled red
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Figure 4. Upper: polarization curve of starlight induced by
aligned grains in the LISM. Lower: maximum polarization of
nearby stars as a function of distance from the Sun from our
predictions (see the text) for model 1 (solid line) and model 2
(dashed lines). The observational data for the stars with R. A. <
17 h from Bailey et al. (2010) are shown in red filled circles, and
data from Frisch et al. (2012) are shown in cyan filled circles. The
predicted polarization increases with the increasing distance d of
the stars.
circles and the data from Frisch et al. (2012) are shown in
cyan circles. Our models predict the increase of polarization
with the increasing distance to the stars. It can be seen that
model 2 is in a good agreement with the PlanetPol data.
The observational data by Frisch et al. (2012) exhibit large
scatter, so it is difficult to conclude that their data are con-
sistent with our simple modeling. It is noted that the level
of polarization is proportional to the dust column density of
the line of sight. Thus, the polarization for stars with RA
< 17 h in Bailey et al. (2010) is much lower than that for
the stars in Frisch et al. (2012) because the regions with RA
<17 h are expected to have the lower dust content.
6 GRAIN ALIGNMENT IN ACCRETION
DISKS
Magnetic fields are widely believed to play an important
role in accretion disks, but understanding to what extent
polarimetry traces magnetic fields in dense regions is still
very limited. Cho & Lazarian (2007) (hereafter CL07) mod-
eled polarized emission from aligned grains in a T Tauri
disk and predicted a polarization level of 2% − 3% at the
wavelength λ = 100µm. Recently, the Submillimeter Ar-
ray (SMA) observations (Hughes et al. 2009; Hughes et al.
2013) show no considerable level of polarization from some
T Tauri disks. In this section, we revisit the problem of grain
alignment in the accretion disks by taking into account the
effects that were neglected in the CL07 model, including the
dependence of grain alignment on the radiation anisotropy
direction and with the magnetic field and the assumption of
perfect alignment of grains, and predict an upper limit of
polarization of thermal emission by aligned grains.
6.1 Disk Model Assumptions
We consider the model of a typical accretion disk consist-
ing of a central star surrounded by a flared disk (see Fig.
5). A detailed description of the disk model is presented in
Chiang & Goldreich (1997), here we summarize the essential
parts. At a distance d from the star, the surface layers are
heated to a temperature Tds by radiation from the central
star. Dust grains in these superheated layers reemit radia-
tion in IR, which is transparent throughout the disk, and
in turn IR emission heats gas and dust in the disk interior
to a temperature Ti. Essentially, the radiation field in the
disk interior comprises attenuated radiation from the central
star and superheated layers (of temperature Tds), and the
IR emission from dust (of temperature Ti). As a result, the
spectral energy density (SED) of T-Tauri disks usually has a
bump at near-IR, corresponding to the peak of stellar black-
body emission, and a tail in far-IR due to the re-emission of
heated dust from the disk. Temperature profiles Tds and Ti,
height of the disk H , and other properties of the disk model
are taken from Chiang & Goldreich (1997).
We assume that the gas distribution decreases exponen-
tially from the disk plane, governed by
ngas(x, y, z) = ngas(x, y, z = 0) exp
(
− z
2
2h2
)
, (55)
where h is the gas scale height from the mid-plane (z = 0).
The mass column density of the disk is taken as
Σ = Σ0 (d/AU)
−3/2, where d is the disk radius and Σ0 =
1000 g cm−2. From Σ, one can derive the gas density distri-
bution within the disk, ngas, as follows:
Σ =
∫
mHngas(ρ, z)dz = ngas(ρ, z = 0)2
∫ h
0
exp−
(
z√
2h
)2
dz,
= 2−1/2ngas(ρ, z = 0)Herf(2
−1/2), (56)
where h = H/4 has been used. Thus,
ngas(x, y, z = 0) ≈ 1
0.5mH
Σ
H
=
Σ0
mH
(
d
AU
)−3/2
, (57)
≈ 4.0× 1014
(
d
AU
)−39/14
cm−3. (58)
6.2 Critical size of aligned grains
Grain size distribution is assumed to follow the power law
(Mathis et al. 1977) having a lower cutoff amin = 0.05µm
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Figure 5. Schematic illustration of a flared disk around protostar
consisting of dead zone, surfaces layers and disk interior. Surface
layers are directly heated by stellar radiation, which is able to
penetrate a thickness of optical depth τV = 1, to temperature
Tds, and the re-emission of the hot dust grains in surface layers
will heat the disk interior to Ti.
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Figure 6. Contours of critical size of aligned grains, aali, in
the plane yz with x = 0 of the accretion disk. Small grains
(a ∼ 0.1µm) in the surface layers can be aligned by the stel-
lar radiation. In the disk interior, only large grains (a ∼ 1µm)
can be aligned.
and an upper cutoff amax. Although very big grains are likely
present in the accretion disk due to coagulation, conserva-
tively, we assume amax = 1µm as in Chiang & Goldreich
(1997).
Unlike CL07, who approximated the stellar radiation
field as a monochromatic field with λ = λmax and computed
JRAT/Jth for this wavelength, here, we integrate over the
entire spectrum of the radiation field uλ for each position
within the disk.
Figure 6 shows the contours of aali in the plane of yz
perpendicular to the disk midplane. It can be seen that
grains with a > aali ∼ 0.1µm can be aligned in the sur-
face layers. In the disk interior, aali increases, indicating that
only large grains can be aligned.
6.3 Effects of radiation field and magnetic fields
In the model of a flared disk, the surface layers are directly
illuminated by stellar radiations. The thickness of this layer
corresponds to τV = 1. Hot dust grains that are heated in
the surface layers will heat dust and gas in the disk interior.
Due to large optical depth, dust grains in a given cell
of the disk interior receive photons mostly from the heated
surface layers arriving from the vertical direction perpen-
dicular to the disk plane. If the magnetic field is toroidal
(azimuthal) parallel to the disk plane as suggested by obser-
vations (Tamura et al. 1999), then the radiation direction is
perpendicular to the magnetic field (i.e., ψ = 90◦) both in
the surface layer and disk interior. Therefore, we expect that
grains are weakly aligned.
For the alignment with ψ = 90◦, grains are aligned with
J ∼ Jth regardless of radiation intensity and grain size (see
Hoang & Lazarian 2008). As a result, the fraction of grains
aligned with high-J attractor points fhighJ ≈ 0.
In realistic conditions, the magnetic field is not perfectly
azimuthal due to disk instability. In addition, the dust grains
in the disk interior receive the radiation from the surface
layers coming from a wide range of angle with the inten-
sity decreasing with the increasing angle between the radi-
ation direction and the vertical axis. Therefore, grains can
be aligned with the magnetic field, but the alignment effi-
ciency would be much lower than for the ideal situation in
which the radiation is parallel to the magnetic field. A de-
tailed study using simulated magnetic field data is beyond
the scope of this paper.
6.4 Maximum polarization of thermal dust
emission
To estimate the maximum polarization of thermal dust emis-
sion, we disregard the dependence of magnetic field geome-
try and anisotropic direction of radiation. Thus, the polar-
ization can be given by
Pem ≡ Iλ,pol
Iλ
=
∫ amax
aali
CpolR(a)n(a)da∫ amax
amin
Cextn(a)da
, (59)
where Iλ,pol is the polarized emission, Iλ is the total dust
emission, Cext and Cpol are the extinction and polarization
cross section, and R(a) is given by Equation (40).
Figure 7 (dashed line) shows the maximum polariza-
tion degree of thermal emission from the disk assuming
that the magnetic field is always parallel to the direction
of radiation source. We assume that all grains larger than
aali are perfectly aligned (i.e., fhighJ = 1, R(a) = 1). As
shown, the degree of polarization is essentially less than 1.1%
and rises slowly with the increasing λ for λ > 20µm. The
solid line in Figure 7 shows the expected polarization for
the case of the toroidal magnetic field (i.e., ψ = 90◦ and
fhighJ = 0, R(a) = QX,lowJ). It can be seen that the maxi-
mum polarization is decreased substantially.
6.5 Alignment of large grains and internal
relaxation
Large grains with a > 1µm are expected to have negligi-
ble internal relaxation. The RAT alignment of large grains
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Figure 7. Maximum degree of polarization for thermal emission
from the disk (dashed line) and the expected polarization when
the radiation anisotropy direction perpendicular to the magnetic
field (solid line). The degree of polarization is much lower when
the angle dependence of RAT alignment is accounted for.
is determined by the helicity of grain shape, therefore, the
RAT alignment of large grains is shown to be similar to
the alignment of interstellar grains (see Hoang & Lazarian
2009a), in which grains can be aligned with both high-J and
low-J attractor points. The only difference is that for large
grains without internal relaxation, the alignment with low-
J attractor points can occur with grain long axes parallel
to the angular momentum (also magnetic field). This new
situation makes the modeling of polarized emission by large
grains in accretion disks more complicated.
7 GRAIN ALIGNMENT IN
INTERPLANETARY MEDIUM AND
CIRCULAR POLARIZATION
7.1 Theoretical Basis
CP of starlight in general can be produced by (i) multi-
ple scattering of unpolarized light by anisotropic medium
(Kemp, Wolstencroft, & Swedlund 1972), (ii) single scat-
tering by aligned grains (see Bandermann & Kemp 1973;
Schmidt 1973; Dolginov & Mytrophanov 1978), and (iii)
scattering by optically active chiral particles (see e.g.,
Wolstencroft, Tranter, & Le Pevelen 2004). Martin (1972a)
proposed an elegant mechanism of producing circular po-
larization based on the variation of grain alignment direc-
tion along a line of sight. The idea was later extended
in Martin & Campbell (1976). The idea is that, when the
starlight passes through a layer of aligned dust, it becomes
partially linearly polarized. By passing through the second
layer in which the alignment direction of grains makes some
angle with that in the first layer, the light becomes circularly
polarized. If on passing through a single layer, the linear po-
larization degree is equal to p, then passing through two
layers with the different alignment directions produces CP
that does not exceed p2.
Literature study shows that the multiple scattering
mechanism, which requires optically thick (i.e., optical
depth τ > 1) environments, is well remembered (see
Bastien & Menard 1988), while the process of single scat-
tering by aligned grains is frequently forgotten. However,
for optically thin environments (i.e., τ < 1), e.g., ZC and
comets, the double and multiple scattering are rare. Thus,
the single scattering by aligned grains appears to be the
most promising mechanism responsible for the observed CP.
Assuming that the incident light is unpolarized with
intensity I0, the intensity of light scattered by a randomly
oriented grain towards an observer at distance r is given by
Isca =
I0
k2r2
〈S11〉 = I0
r2
σsca, (60)
where k = 2π/λ, 〈S11〉 is the oriental averaging of the first
element of the Muller matrix, and σsca = Qsca/πa
2 is the
scattering cross section (see Bohren & Huffman 1983).
The intensity of radiation scattered from a volume ∆Γ
of dust grains at distance R from the Sun and r from the
observer is equal to
∆I(R, r) =
L⋆ndσsca
4πR2r2
∆Γ , (61)
where I0 = L⋆/4πR
2 with L⋆ being the stellar luminosity, nd
is the number density of dust grains of a given size. Above,
the vector R is directed from the Sun and r is directed from
the observer, and |R− r| = 1AU.
The intensity of circularly polarized radiation due to
single scattering by an aligned grain is given by
V (e0, e1, e) =
1
k2r2
S41I0, (62)
where S41 is one element of the Muller scattering matrix
(Bohren & Huffman 1983) .
For grains small compared to the wavelength (Rayleigh
limit), i.e., ka = 2πa/λ ≪ 1, the Stokes V parameter has
been derived by several authors using the dielectric dipole
approximation (Bandermann & Kemp 1973; Schmidt 1973;
Dolginov & Mytrophanov 1978; Gledhill & McCall 2000).
Thereby,
V =
I0k
4
2r2
i
(
α‖α
∗
⊥ − α∗‖α⊥
)
. ([e0 × e1].e) (e0.e) , (63)
where e0 = k0/k, e1 = k1/k are the unit vectors of inci-
dent and scattering direction, α‖ and α⊥ are the complex
polarizabilities along the grain symmetry axis e and in the
perpendicular direction, respectively (see Appendix C).
The intensity of circularly polarized radiation scattered
by a volume ∆Γ of dust at distances R from the star and r
to the observer reads
∆V (R, r) =
L⋆ndσV
4πR2r2
A
([
R
R
× r
r
]
.h
)(
R
R
.h
)
∆Γ , (64)
where A = 〈(e.h)2〉−1/3 is a parameter describing the align-
ment of grain symmetry axis e with the axis of alignment h
and
σV =
1
2
ik4
(
α‖α
∗
⊥ − α∗‖α⊥
)
, (65)
is the CP cross section.
From the above equation one can see that CP is only
produced when the grain is an absorbing material, i.e, its
polarizability (or refractive index) contains a non-zero imag-
inary part. Moreover, one can see that CP is not equal to
zero only when there exists a magnetic field component h⊥
perpendicular to the ecliptic plane as determined by R× r.
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Figure 8. Geometry of calculations. A dust grain aligned with
the magnetic field scatters the sunlight towards the Earth.
Thus, the non-zero observed CP of scattered light reveals
that the perpendicular component is indeed present.
To calculate σV , we assume the dielectric function
m = 1.7 − 0.1i for silicate grains. For small grains ka ≪ 1,
Equation (65) is employed to calculate σV with α‖ and α⊥
obtained from Equation (C9). Otherwise, the approxima-
tion of σV in Dolginov & Mytrophanov (1978) is adopted
for simplicity.
7.2 Dynamics and lifetime of dust in
interplanetary medium
Dust in interplanetary medium is subject to gravity of the
Sun, radiative pressure by sunlight, molecular force by solar
winds, and Poynting-Robertson (PR) drag. The radiative
force is equal to
Frad =
L⊙
4πd2c
〈Qpr(a, λ)〉πa2, (66)
where Qpr(a, λ) = Qabs + Qsca(1 − cos θ) is the radiative
pressure cross-section and 〈Qpr〉 =
∫
Qpruλdλ/urad denotes
the averaging over the spectrum of the solar radiation field.
The ratio of radiative force to gravity force is given by
β = −Frad
Fgra
=
3L⊙〈Qpr(a, λ)〉
16πGM⊙c
(ρa)−1 (67)
≈ 1.91
(
〈Qpr(a, λ)〉
1.0
)
ρˆ−1a−1−5. (68)
Equation (68) reveals that β is determined by the grain
size and 〈Qpr〉, regardless of its distance to the Sun. For the
mean wavelength of the sunlight λ¯ = 0.6µm, 〈Qpr〉 is in the
range 1 − 2 for 0.1µm grains. Therefore, the 0.1µm grains
are easily expelled from the ZC by the radiative pressure.
The value of β is smaller than 1 for big (∼ 1µm) grains
due to the increase of a (increased gravity) while Qpr is
mostly saturated for λ << a. Very small grains also have
β < 1 because Qpr decreases slowly (see Burns et al. 1979;
Gustafson 1994). As a result, both very small and big grains
are difficult to be blown away by the sunlight.
The collisions of ions in the solar winds with the grain
also result in drag. The drag force due to both neutral and
ions is given by
Fsw = ngaskBTgasπa
2C, (69)
where ngas is the gas number density and C is the drag
coefficient (Baines et al. 1965; Draine & Salpeter 1979).
The ratio of the drag force to gravity is equal to
βsw =
Fsw
Fgra
≈ 3.5 × 10−5
(
ngas
102 cm−3
)(
Tgas
100K
)(
C
10
)(
r
AU
)2
a−1−5.(70)
The above equation shows that the force due to solar
winds is much smaller than the radiative force for the diffuse
clouds.
Micron-sized dust grains are mostly affected by the PR
drag force. Burns et al. (1979) showed that the PR force acts
to gradually decrease the semimajor axis and eccentricity of
the orbit of micron-sized grains around the Sun, resulting in
the loss of micron-sized grains. The orbital decay time for a
dust grain on circular orbit is given by
τPR =
R2
4η〈Qpr〉 ≈ 210a−5ρˆ
R2AU
〈Qpr〉 yr, (71)
where η = S0r
2
0A/mc
2 = 2.53 × 1011(ρa)−1 with S0 being
the solar flux at distance r0, RAU is the semimajor axis of
the grain elliptical orbit in units of AU.
7.3 Zodiacal cloud
7.3.1 Introduction
ZC is the interplanetary medium extending from the Sun
to Jupiter. It can be seen by naked eyes as a glow triangle
originating from the scattering of sunlight by dust grains
just before the sunrise and after the sunset. Zodiacal dust is
believed to be produced by the evaporation of comets when
approaching the Sun and by collisions of comets with the
asteroid belt.
Thermal emission from Zodiacal dust is an important
foreground component that contaminates to the CMB sig-
nal and has been studied extensively (Kelsall et al. 1998;
Planck Collaboration et al. 2013). However, whether Zodia-
cal emission is polarized and what is the degree of polariza-
tion remain unclear. In principle, we expect to see polarized
Zodiacal emission if dust grains can be aligned.
As discussed in the previous section, a conclusive ev-
idence of aligned grains can be sought for through the
CP of Zodiacal light. Observationally, CP of Zodiacal light
has been reported by several groups (Kemp & Wolstencroft
1972; Staude & Schmidt 1972; Wolstencroft & Kemp 1972).
A special feature in CP of Zodiacal light is that it
changes sign at the elongation angle ǫ ≈ 80◦, 180◦ and 280◦.
Dolginov & Mytrophanov (1976) suggested that grains can
be aligned with the IMF due to solar winds or radiative flux
and explained such a feature by means of a compound model
of grain alignment. According to Dolginov & Mytrophanov
(1976), Zodiacal dust comprises both prolate and oblate
spheroidal grains, and their different alignment with the
magnetic field could explain the observed CP. However,
modern RAT alignment theory indicates that the alignment
of prolate and oblate grains is similar in the sense that their
c© 0000 RAS, MNRAS 000, 000–000
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axis of maximum moment of inertia tends to align with the
magnetic field. Below, we consider oblate grains and improve
the Dolginov & Mytrophanov treatment.
7.3.2 Physical Model
We consider a simplified physical model of ZC in which ZC
is modeled as a thin disk with heliocentric radius R = 3AU.
The gas density decreases with the increasing distance from
the Sun as a power law:
ngas(r) = r
−η, (72)
where η = 1.34 is assumed as in Kelsall et al. (1998).
As in Dolginov & Mytrophanov (1978), we assume that
the size distribution of Zodiacal dust follows a power law,
dn/da ∝ aα with the typical value α = −3.5 as in the
ISM (Mathis, Rumpl, & Nordsieck 1977). Based on fitting
to the observational data of COBE, Fixsen & Dwek (2002)
found that the size distribution of silicate has a breakup at
a ∼ 32µm. We note that small dust grains in ZC can be pro-
duced due to collisions of comets with asteroids, and have
been observed (see e.g., Le Chat et al. 2013).
The magnetic field in the ZC is assumed to be the
Archimedean spiral, as proposed by Parker (1958) (Parker
model). The spiral magnetic field is believed to originate
from magnetic fields that are frozen into plasma and carried
away by solar winds. It is noted that the classic model of the
IMF by Parker (1958) does not have a vertical component
B⊥, but the existence of a rapidly fluctuating component B⊥
has been reported by the Ulysses spacecraft (Forsyth et al.
1996). This fast changing component B⊥ is thought to arise
from waves and disturbances of solar winds, and depends on
the variation of the horizontal component. Thus, we assume
that the magnetic field in the interplanetary medium con-
sists of a spiral component in the ecliptic plane B‖ and a
component perpendicular to it, B⊥.
Let θ be the angle between the magnetic field and the
ecliptic plane. The magnetic field at a heliodistance r > r0
consists of the radial, azimuthal and vertical components:
Br(r, φ, θ) = B0
(
r
r0
)−2
, (73)
Bφ(r, φ, θ) = B0
(
r
r0
)−1
cos θ, (74)
Bθ(r, φ, θ) = B0 sin θ. (75)
where B0 is the magnetic field at r = r0. The first two
components come directly from the Parker model, and the
last one represents a potential vertical component. B0 ≈
30µG at r0 = 1AU, although this value may vary with the
solar activity.
Physical parameters and characteristic timescales of
grain dynamics in ZC are given in Table 1.
7.3.3 Alignment of Zodiacal dust
The alignment of Zodiacal dust is complicated because it in-
volves various mechanisms, including the Davis-Greenstein
mechanism, RAT alignment by solar radiation, and mechan-
ical alignment by solar winds. In the following, we discuss
the importance of these alignment mechanisms.
First of all, one can realize that the ZC is rather di-
lute and hot, with the gas density nH ∼ 5 cm−3, temper-
ature Tgas = 10
4 K (see Dolginov & Mytrophanov 1978).
The energy density of solar radiation at the location of ZC
is urad ≈ 2 × 10−4 ergs cm−3. With these parameters, one
can estimate the rotational damping time due to the gas
bombardment and IR emission:
τdrag = τgas (1 + FIR)
−1 , (76)
≈ τgasF−1IR ≈ 8.0× 104a2−5
(
urad
uISRF
)−2/3
,
≈ 0.21a2−5 yr, (77)
where FIR from Equation (11) has been used.
With the magnetic field B ≈ 50µG in ZC, the Davis-
Greenstein alignment timescale is equal to
τDG ≈ 3.2× 103a2−5 yr, (78)
for normal paramagnetic grains. Because τDG ≫ τdrag, the
Davis-Greenstein mechanism is inefficient for aligning para-
magnetic grains in the ZC.
Secondly, dust grains in ZC expose to solar winds of
high velocity vflow = 300− 400 kms−1. The supersonic flows
are expected to drive grains to be aligned with their short-
est axes perpendicular to the flow according to the Gold
mechanical mechanism. The timescale of the Gold align-
ment can be estimated to be equal to the spin-up timescale
τGold ≈ 4a−5 yr (see Eq. 28). Comparing τGold with τdrag,
one can clearly see that τGold > τdrag. Therefore, the Gold
alignment mechanism is inefficient in aligning Zodiacal dust
grains.
Thirdly, solar radiation at a distance of 1AU has the
energy density urad and mean wavelength λ¯ ≈ 0.9µm. From
Equation (34) with the use of Equation (77), one can esti-
mate the maximum rotational rate of grains as
JRATmax
Jth
≈ 200γˆrada1/2−5
(
urad
uISRF
)
F−1IR ,
≈ 1.4× 103γˆrada3/2−5
(
QΓ
10−3
)
. (79)
Given strong solar radiation field (urad ≫ uISRF), small
grains of 0.01µm can still be spun-up to suprathermal rota-
tion by RATs (see Eq. 34). Indeed, the timescale for RATs
to spin-up grain to suprathermal rotation is equal to
τRAT =
τdrag
JRATmax /Jth
= 7.4× 10−4γˆ−1rada−3/2−5
(
QΓ
10−3
)−1
τdrag
≈ 1.4× 10−4γˆ−1rad
(
QΓ
10−3
)−1
a
1/2
−5 yr. (80)
It is clearly seen that τRAT < τGold, i.e., the spin-up by
RATs dominates that by gaseous flows for a−5 > 1 grains.
It is worth noting that the timescales of alignment are much
shorter than the orbital decay time due to PR drag force
(Equation 71), indicating that grains are well aligned before
they are captured by the Sun.
Finally, when the grain rotation is spun-up by RATs,
the direction of grain alignment, whether with respect to
the radiation direction or magnetic fields, depends on the
precession timescales of grain angular momentum around
these axes. For normal paramagnetic material, the Larmor
precession time of the angular momentum around the mag-
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Table 1. Model parameters and characteristic timescales for Zo-
diacal dust
Parameters Notations Values
Gas density nH 5
(
R
AU
)α
cm−3
Radiation density urad 2× 10
−4 ergs cm−3
Gas temperature Tgas 104 K
Gas velocity at 1 AU v 3− 400 kms−1
Magnetic field 1 AU B 10 − 50µG
Gas damping τgas 4.4× 104a−5 yr
IR damping τIR 0.2a
2
−5 yr
Davis-Greenstein alignment τDG 3.2× 10
3a2−5 yr
Larmor precession τB 8× 10
−2a2−5 (50µG/B) yr
Precession around radiation τk 10
−3a
1/2
−5
(
ω/102ωT
)
yr
Mechanical alignment τGold 4a−5 yr
netic field τB is long compared to the precession time of
grain axis of maximum moment of inertia around the radia-
tion direction, τk, if grains thermally rotate, i.e., ω ∼ ωT (see
Table 1). However, τk becomes longer than τB as the grain
rotates suprathermally under the action of strong RATs.
Thereby, the Larmor precession around the magnetic field
is still faster than the precession around the radiation direc-
tion, and the alignment axis is directed along the magnetic
field. Superparamagnetic grains should always be aligned
with respect to the magnetic fields.
7.3.4 Circular Polarization of Zodiacal light
Below we calculate the CP degree arising from the scatter-
ing of sunlight by aligned Zodiacal dust. Each line of sight
is characterized by an elongation angle ǫ. The total inten-
sity of scattered light is obtained by integrating Equation
(61) along the line of sight and over the entire grain size
distribution:
I(ǫ) =
∫ ∫ amax
amin
∆I(R, r)dadr, (81)
where we adopt amin = 0.1µm and amax = 10µm.
Similarly, the intensity of circularly polarized light is
obtained by integrating Equation (64) over the line of sight
and the range of grains which are aligned:
V (ǫ) =
∫ ∫ amax
aali
∆V (R, r)dadr. (82)
The CP degree then becomes q(ǫ) = V/I . The geometry
of calculations is shown in Figure 8. The integrals above can
be numerically solved. The vector term in Equation (64) can
be rewritten as
[Rˆ× rˆ].h = sinψ sin θB, (83)
Rˆ.h = cos θB cosα, (84)
where θB is the angle between B and the ecliptic plane, ψ is
the scattering angle between R and r, and α with tanα =
R/R0 is the angle between the projection of B onto the
ecliptic plane and the R direction (see Figure 8).
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Figure 9. CP at the optical wavelength qV as a function of the
elongation angle ǫ for the different angles θB between the mag-
netic field and the ecliptic plane. Here ǫ = 90◦ indicates the line
of sight perpendicular to the Sun-Earth direction. In the upper
panel, the magnetic field is assumed to be spiral with inclusion of a
vertical component parallel to the north ecliptic pole. In the lower
panel, the vertical component of the magnetic field is reversed for
ǫ < 90◦ and ǫ > 270◦. The observational data obtained from
Wolstencroft & Kemp (1972) are shown in filled circles. Strong
polarization observed for ǫ = 250 − 280◦ may reveal a higher
inclination of the magnetic field from the ecliptic plane or local
enhancement of grain alignment.
The upper panel in Figure 9 shows the degree of CP,
qV , as a function of the elongation angle ǫ for the different
angles of B with the ecliptic plane, θB . One can see that
the predicted qV is comparable to the observational data.
In addition, qV increases with the increasing θB , i.e., qV
increases with the increasing vertical magnetic field. But,
the variation of qV with ǫ does not agree well with the data.
To obtain a better agreement with the observational
data, we change the direction of the vertical magnetic field
for ǫ = 90◦ − 270◦. Our obtained results are shown in the
lower panel. One can see that this case gives rise to a better
agreement with the observational data.
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7.4 Cometary comae
7.4.1 Observational studies for polarization from
cometary dust
Numerous observations (see Rosenbush et al. 2007 and ref-
erences therein) have showed that scattered light from
cometary comae exhibits both linear polarization and CP.
Multiple scattering by irregular dust grains is frequently ap-
pealed to explain the linear polarization from binary systems
and circumstellar disks in which the polarization direction is
perpendicular to the scattering plane (i.e., normal polariza-
tion; see Bastien 1988). In particular, some polarimetric ob-
servations reveal an anomalous feature, namely, polarization
vectors lying in the scattering plane, which is unexpected
from the multiple scattering (Clarke 1971). Moreover, the
magnitude of such an anomalous polarization is comparable
to the normal polarization. Scattering by aligned dust grains
was suggested as a cause of the anomalous polarization by
Dolginov & Mitrofanov (1976a), and the existence of aligned
grains in coma was indeed identified through starlight po-
larization during occultation (Rosenbush et al. 1994). How-
ever, underlying mechanism for the alignment of cometary
dust and quantitative modeling of polarization are not yet
available.
Recent observations of CP throughout the coma of
Comet C/1999 S4 were reported in Rosenbush et al. (2007).
Their data show that the CP exhibits some systematic vari-
ation along the cuts through the coma and nucleus and is
equal to zero at the nucleus. In this section, we intend to
model the grain alignment in a typical coma and predict the
CP of sunlight scattered by aligned grains.
7.4.2 Model Setup
The cometary coma is assumed to be spherical in which
gas and dust are being produced continuously from an icy
nucleus (consisting of mostly frozen H20, NH3, CH4, etc.)
due to solar radiation. Since the nucleus presumes to be
heated symmetrically by sunlight because its rotation period
(∼ 104 s) is much shorter than the orbital period (∼ 106 s),
gas and dust are expanding symmetrically in the radial di-
rection.9
LetQgas be the rate of mass production by the cometary
nucleus and vgas be the expansion velocity of gas. The gas
mass density at distance r from the nucleus can be given by
(Haser 1957):
ρgas =
Qgas
4πvgasr2
exp
(
− r
Lg
)
, (85)
where dM = ρgas4πr
2vgasdt = Qgasdt is the mass produced
during the time interval dt, Lg is the ionization length scale,
which is between 1− 2× 106 km (see Laakso 1991). Above,
the exponential term describes the decay of gas, and the sub-
dominant effect of solar radiative pressure on the expanding
gas is disregarded. For a coma with the radius r ≪ Lg , we
9 A realistic geometry of the inner coma should be a fan-like
due to the effect of radiative heating is stronger in the sunward
direction. Of course, in the outer region of the coma where the
radiative pressure becomes dominant, the asymmetry is elongated
in the tailward direction.
Table 2. Model parameters for a cometary coma
Parameters Values
Radius of nucleus 1 km
Star temperature Teff = 5800K
Star luminosity L = L⊙
Star radius R = R⊙
Gas density n = n0 (Rn/r)
2 a
Gas temperature Tgas = 300K
Expansion velocity vgas = 1km s−1
a Here n0 = 4× 1012 cm−3 at Rn = 1 km
can ignore the exponential term in Equation (85). Physical
parameters for a coma are listed in Table 2. The gas produc-
tion rate Qgas = 9× 104 g s−1 is assumed (Rosenbush et al.
2007).
Since the mean free path of gas molecules in the inner
coma (n ∼ 1010 − 1012 cm−3) is much smaller than grains
size (high density), dust near the nucleus is accelerated by
molecular drag force and dragged away by the gas flow. Dust
is decoupled from the gas at some distance from the nu-
cleus and achieves terminal velocity at a distance of tens
the nucleus radius, which is between 20 and 100 km (see
e.g., Finson & Probstein 1968).
Grains are electrically charged as a result of photoemis-
sion by solar radiation and collisions with electrons and ions.
For the inner coma where the collisional charging dominates,
grains are expected to be negatively charged with their po-
tential from U = 0 to −1V. For the outer regions where the
photoemission dominates, grains are positively charged with
the potential from U = 1 to 10V (Wallis & Hassan 1983).
7.4.3 Grain alignment in cometary comae
The problem of grain alignment in cometary comae appears
to be a puzzle because of their extreme conditions. Unlike
ZC, in which grains can be aligned by RATs in the direction
of the IMF, in comae, the alignment with magnetic fields is
apparently impossible because solar winds that carry mag-
netic fields cannot penetrate into the dense region of coma
with radius less than a few thousand kilometers from the
comet nucleus.
The grain alignment cannot occur with respect to the
solar radiation direction either because this alignment di-
rection lies in the scattering plane, which produces zero CP
(see Equation (64)).
Dust grains in the coma may be aligned by the gaseous
outflow via the Gold mechanism (Gold 1952a; Lazarian
1994). Assuming the gaseous outflow velocity vflow =
105 cm s−1, one can estimate the alignment timescale by the
Gold mechanism using Equation (28):
τGold = 4.7× 106a−5
(
nH
1010 cm−3
)−1 ( vflow
105 cm s−1
)−3
s, (86)
and the rotational damping time is equal to
τdrag = 10
4a−5
(
nH
1010 cm−3
)−1(300K
Tgas
)
s, (87)
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Figure 10. Characteristic timescales, τE , τdrag, and τGold as a
function of the distance d from the nucleus for different grain
sizes. Two realizations of U and E are considered. For d > 50 km,
the electric field is the axis of grain alignment because τdrag > τE .
Grain center of mass is assumed to be at rest.
where FIR ≪ 1 is disregarded. Since τGold >> τdrag, the
Gold alignment is inefficient for aligning cometary grains.
In Equation (23) we show that the grain dipole can
rapidly precess around electric fields. It is noted that the
static electric field can exist for grains at rest in plasma. For
instance, the electric field is produced by charged particles
arising from the photoionization of gaseous atoms/molecules
by solar UV radiation.10 Since the expansion direction is
radial, the electric field is likely directed along the radial
direction.
Figure 10 shows the precession time of the grain dipole
around the electric field, τE, compared to τdrag and τGold. We
consider two cases: U = −0.3 V, E = 10−5V/cm and U =
−1V, E = 10−4V/cm. It is noted that the measurements
by Voyager 1 and 2 for the Halley comet indicate that the
electric field E ∼ 10−4V/cm is expected (Laakso 1991). For
the first case, the figure shows that τdrag > τE for d <
50 km, thus, the electric field does not play the role of axis
of alignment. Beyond d = 50 km, τE < τdrag, and the electric
field becomes the axis of grain alignment. The distance at
which τE ∼ τgas is lower for the second case.
To study the alignment of grains by RATs in coma,
we assume that the coma is a sphere of radius R, with
the gas density decreasing with the distance as given by
Equation (85). In general, the coma radius R varies with
the distance from the comet to the Sun due to the vari-
ation of solar heating. For the coma with R = 104km,
the column density corresponds to Ngas ≈ 1018 cm−2 us-
ing the function n(r). The optical depth can be estimated
as τ = Ngasσext ≈ 1018 × 10−21 = 10−2 ≪ 1. Thus, the ra-
diation is uniform throughout the optically thin coma. Tak-
ing the radiation intensity from the Sun and the rotational
damping due to gas and IR emission, we can calculate the
critical size of aligned grains aali (see §4).
Figure 11 shows the contours of aali obtained from our
calculations, assuming that grains are at rest relative to
10 The ionization degree in the coma has been measured for the
Comet Halley by Laakso (1991).
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Figure 11. Contours of the critical size of aligned grains aali
by RATs for the inner region of a cometary coma at a distance
Rhelio = 1AU from the Sun. The contours are nearly concentric
because the coma is optically thin with the radial dependence of
the gas density. Grain center of mass is assumed to be at rest.
the nucleus. It can be seen that the contours of aali are
nearly concentric, indicating that the radiation energy den-
sity is uniform in the coma. This feature arises from the
fact that the coma is optically thin due to its small size, i.e.,
τ ≪ 1, such that the radiation energy density urad is uniform
throughout the coma. As a result, aali is governed by the ro-
tational damping, which depends on the gas density. Within
a radius d < 20 km of the comet nucleus, the RAT alignment
is still efficient, but only for larger grains (a > 0.1µm). In
the outer layers of radius d > 20 km, smaller grains can effi-
ciently be aligned by RATs. Noting that for the inner region
d < 50 km, the axis of alignment is not directed along the
electric field because τdrag < τE (see Figure 10).
Although grains within the radius d < 100 km can
be aligned by RATs (see Figure 11), it should be kept
in mind that the alignment time must be shorter than
the lifetime of cometary dust to produce the observed
polarization. For an escaping velocity vd ∼ 0.1 kms−1
(Weaver et al. 1992), the grain will leave the coma after
tout = R/vd ∼ 103
(
R/102 km
)
s. Therefore, the precession
time τE is longer than the dust lifetime for R < 100 km, i.e.,
grains are randomly oriented in this region. Grains seem to
be aligned with the electric field in the region R > 100 km.
7.4.4 Circular Polarization from Cometary Comae
The position of a comet is determined by its distance to the
Sun, so-called heliodistance Rhelio, and its distance to earth,
so-called geodistance Rgeo. The phase angle of the comet is
equal to the angle between Rhelio and Rgeo. Consider an vol-
ume element dΓ of dust in the coma, which is characterized
by the radius vector rc from the nucleus. Since the radius
of the cometary coma is much smaller than Rhelio and Rgeo,
in Equation (61) and (64) we can replace R ≈ Rhelio and
r ≈ Rgeo.
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The Stokes V parameter can be rewritten as
δV ∝ ([R× r].h) (R.h) . (88)
We can represent R and r as
R = Rhelio + rc, r = Rgeo + rc. (89)
The electric field vector, also the axis of alignment, is
assumed to be along the radial direction, i.e. h ≡ rˆc. From
the above equations we obtain
[R× r].h = [Rhelio ×Rgeo] .rˆc = sinα cos θ, (90)
and
R.h = (Rhelio + rc).rˆc,
≈ Rhelio.rˆc = sin θ sin(ψ + φ⊙). (91)
Thus,
δV ∝ (sinα cos θ) [sin θ sin(ψ + φ⊙)] , (92)
where θ, ψ are the polar angle and azimuthal angle of rc
in the xˆyˆzˆ coordinate system, α is the phase angle between
Rhelio andRgeo, and φ⊙ is the angle between the Comet-Sun
direction and Comet-earth direction (i.e., xˆ axis).
We calculate δI and δV for the solar radiation scattered
towards the observer by a volume element of comet dust and
then integrate along the line of sight (xˆ direction) to obtain
I(y, z) and V (y, z) in the sky plane yˆzˆ. Hence, the CP is
given by q(y, z) = V/I .
Grains in coma may have irregular shape or aggregate
of fluffy grains, and exist in a wide range from submicron
to centimeter size (see Kronk 2004 and references therein).
For the optical wavelength under interest, the scattering in-
tensity I is dominated by the a ∼ λ grains and the con-
tribution by large grains with 2πa ≫ λ may be negligible.
In addition, the intensity V of circularly polarized scattered
light is determined by the absorption through the imagi-
nary part of the dielectric function, while the absorption is
minor for λ 6 a. Jones & Gehrz (2000) and Mason et al.
(2001) suggested that very small grains can be present in
comae. For our calculations, grains are assumed to have
oblate spheroidal shape and their size follows a power law
distribution, i.e., n(a) ∝ a−α with α = 3.5 with the cutoffs
amin = 0.1µm and amax = 10µm, which is consistent with
observations for the Comet Halley (see McDonnell et al.
1986; McDonnell et al. 1987; Harmon et al. 2004).11 Figure
12 shows the schematic illustration of our calculations con-
sisting of the scattering plane (upper) and the sky plane
(lower). To compare with observations, the cuts through the
comet nucleus and coma (red lines) are indicated. Along each
cut, we calculate the polarization at difference distances d
from the nucleus.
Figure 13 shows the contours of CP, qV , in the sky plane
predicted for two positions of the comet determined by the
phase angles α = 68.4◦ (upper) and 121.3◦ (lower). The
heliodistance Rhelio = 0.89AU and 0.77AU, and the geodis-
tance Rgeo = 0.92 AU and 0.38 AU, respectively. One can
see that the contours of qV are anti-symmetric with respect
11 Grain size distribution can be probed by modeling thermal
emission from the coma with the use of observations. Studies by
Li & Greenberg (1998) show that a steeper power law with α =
1.5− 2.5 is expected.
to the yˆ axis, which is a direct result of the antisymmetry
of the electric field directed in the radial direction.
Figure 14 shows the variation of qV along a cut in the
sunward (d < 0) and tailward (d > 0) directions for the
different cuts determined by the position angle PAcut. Upper
and lower panels show the results for the same phase angles
as those in Figure 13. For the cuts with PAcut 6= 90◦ and
through both coma and nucleus (solid line), qV = 0 at d = 0.
The absolute value increases with distance first an decreases
to zero at the coma boundary. The sign of qV is opposite for
the sunward and tailward directions and changes it sign at
d = 0. Moreover, the variation of qV is very sharp for the cut
through the nucleus (see solid line), whereas the variation
is smoother for the cut at some distance from the nucleus
(see dotted line). For the cuts of PAcut = 90
◦, qV is nonzero
only for the cuts not through the nucleus.
Interestingly, these systematic variations are consistent
with observations by Rosenbush et al. (2007). For example,
they found that qV is positive for June 28, 2000 when the
cuts do not go through the center. For other dates with the
cuts through the nucleus, qV is very small at d = 0, which
is consistent with our predictions.
In Figure 15 we compare our predictions with the obser-
vational data from Rosenbush et al. (2007) for a particular
comet position α = 68.4◦. There, we show the predictions
for a cut with PAcut = 42.2
◦ and for the imaginary part
of the refractive index Im(m)=-0.1 (dashed-dot line) and
Im(m)=-0.3 (solid line). The latter increases qV by a factor
of 2.7 due to the increase of the polarizability.
From Figure 15, it can be seen that, within the region
|d| < 1000 km, the model is in good agreement with the ob-
servational data. Indeed, both the model and observational
data show the anti-symmetry of qV through the nucleus with
qV = 0 at the nucleus and an increase of qV with the increas-
ing distance d. Beyond d = 1000 km, the model can essen-
tially reproduce the data for the tailward region, but its
agreement with the data in the sunward direction is poor.
This indicates that the realistic structure of the cometary
coma is indeed more complex than the idealized model of
the spherical coma with constant expansion velocity.
8 DISCUSSION
8.1 RAT alignment as a predictive theory
For decades, the theory of grain alignment had been rather
hand waving, incapable of quantitative predictions. This in-
cludes the paramagnetic alignment, which failed observa-
tions and the RAT mechanism at its initial stages of devel-
opment.12 However, now, with the advent of the quantitative
theory of grain alignment, it is possible to make quantita-
tive predictions about polarization. This allows polarimetry
to be used to obtain reliable predictions about magnetic
fields. This also allows us to predict circumstances where
12 The first numerical studies of the RAT alignment were incon-
clusive as it was somewhat a leap of faith to accept the universal
mechanism on the basis of studying the alignment of a couple
of selected grain shapes. Moreover, the quantitative predictions
of the alignment were impossible even for those shapes as the
essential processes of crossovers were not treated correctly.
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Figure 12. (a) Schematic of a cometary coma used for calcula-
tions of CP. Dust grains are aligned with respect to the electric
field in the radial direction. The line of sight is chosen along the xˆ
direction, and d is the projected distance of dust grains onto the
sky plane yˆzˆ (zˆ axis perpendicular to the scattering xˆyˆ plane)
to the comet nucleus. (b) Cometary coma in the sky plane. Scat-
tered light is observed along the cuts that go through the coma
and nucleus. Each cut is determined by the position angle, PAcut.
we expect to observe polarization (both linear and circular)
arising from aligned grains. The latter two points have been
explored in this paper. Some points of the present study
have been mentioned/discussed earlier (see Lazarian 2007),
but this paper is the actual quantitative study.
With grain alignment not being mysterious any more,
it is getting possible to reliably relate polarimetry data and
underlying magnetic fields. This should help to better un-
derstand the role of magnetic field in star formation,13 the
contamination of microwave polarization by emission from
aligned dust grain that is important for Planck mission as
13 Recently, a paradigm of star formation based on ambipolar dif-
fusion has been challenged and a new model based on turbulent
magnetic reconnection (Lazarian & Vishniac 1999) was suggested
(see Lazarian, Esquivel, & Crutcher 2012 and references therein).
The predictions of the new theory based on the process that was
termed "reconnection diffusion" can be tested with high resolu-
tion polarimetry data.
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Figure 13. Contours of CP at the optical wavelength, qV (y, z),
in the sky plane for two cases of phase angle α = 68.4◦ (upper)
and 121.3◦ (lower). In the second case the comet is closer to the
Sun and its radius becomes larger.
well as future missions. As in the years to come, the amount
of data obtained with emission and extinction polarimetry
data is going to dramatically increase, the theory-based in-
terpretation of the data is getting absolutely essential.
Observational testing of the grain alignment theory is
also important (Andersson & Potter 2010; Andersson et al.
2011; Hoang, Lazarian & Andersson 2013). This paper con-
tains more theoretical predictions that open ways for further
observational studies of grain alignment.
8.2 Grain alignment in the local ISM
The LISM is an ideal location to test the different mecha-
nisms of grain alignment thanks to its proximity. However,
it is rather challenging because the degree of polarization
of nearby stars induced by aligned grains is very small due
to the low density of the LISM. Bailey et al. (2010) found a
linear increase of polarization with the increasing distance
for the stars in the range d < 100 pc, whereas Frisch et al.
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Figure 14. Circular polarization qV as a function of the distance
from the comet nuclei along the different cuts with position angle
PAcut = 0◦ (cut along zˆ axis), 30◦ and 90◦ (cut perpendicular
to zˆ axis). Upper and low panels show the results for two phase
angles α = 68.4◦ and 121.3◦, respectively. Solid lines show the cut
through both the coma and nucleus, whereas dotted lines show
the results for cuts through the coma and off-center by 20 km.
(2012) showed a nearly flat feature of polarization for the
stars in the range d = 5− 40 pc.
Due to its strong magnetic field and low gas density,
the LISM was thought being a favored environment for
the Davis-Greenstein alignment mechanism (see e.g., Frisch
2006). However, for the ∼ 0.1µm grains in the LISM, we
found that the rotational damping by IR emission is more
efficient than by the gas bombardment, which results in
the fast randomization of grain orientation compared to
the Davis-Greenstein alignment timescale. Alternatively, the
RAT alignment was found to be the dominant mechanism
working in the LISM.
Our predictions for the starlight polarization based on
RAT alignment show that the polarization increases with
the increasing distance to the nearby (d < 100 pc) stars,
which is consistent with the observational data from Plan-
etPol. If the conclusions Frisch et al. (2012) are true, then
the flat polarization versus distance of stars for d = 5−40 pc
may be due to (i) the lack of grain alignment, (ii) very little
dust, or (iii) strongly random magnetic field in the d > 5pc
region along the sightlines observed by Frisch et al. (2012).
In particular, we found that the polarization curve
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Figure 15. Comparison of our model with the observed CP of
Comet C/1999 S4 on July 2, 2000 by Rosenbush et al. (2007).
Dotted (dashed) and solid lines show the CP assuming the com-
plex refractive index m = 1.7−0.1i and m = 1.7−0.3i for silicate
grains. Two cuts, one through the nucleus (dashed line) and one
off-center by 20 km (dotted line), are considered. Model is in good
agreement with the observational data for d < 1000 km.
of the nearby stars peaks at λmax = 0.4µm. This peak
wavelength is much lower than the typical value (λmax =
0.55µm) of the diffuse ISM. As a result, we can test the
efficiency of RAT alignment in the LISM by observing the
entire polarization curve.
8.3 Grain alignment and polarized thermal
emission from accretion disks
Tamura et al. (1999) have measured the polarization about
3% of submillimeter thermal emission from the T Tauri
stars. CL07 carried out detailed modeling of polarized ther-
mal emission from aligned dust grains in an accretion disk
using the RAT alignment. They predicted a level of 2%−3%
for polarized thermal emission at λ = 100µm, which is com-
parable to the observational data by Tamura et al. (1999).
Recently, the SMA observations by Hughes et al. (2009)
show no considerable level of polarization from the disks
around two nearby stars (see Figures 2 and 3 in Hughes et al.
2009). They placed a 3σ upper limit for the total polarization
of less than 1%. In particular, the higher resolution observa-
tions in Hughes et al. (2013) show a much lower polarization
level (6 0.5%) in the disks at 100AU scales. They essentially
detected no polarized emission from the disks around GM
Aur, MWC 480, or DG Tau.
It is worth noting that at the time of CL07’s work, the
understanding of RAT alignment was still incomplete. Later
studies (LH07; Hoang & Lazarian 2008, 2009b) showed that:
(1) only a fraction fhighJ of grains are aligned with high-J
attractor points, except when grains contain superparam-
agnetic inclusions; (2) the RAT alignment decreases with
the increasing angle between the radiation anisotropy direc-
tion and the ambient magnetic field; and (3) the alignment
of very large grains present in accretion disks for which the
internal relaxation was negligible was weaker than the align-
ment of the interstellar grains. All three properties gives rise
to the decrease of the polarization that was predicted by
CL07.
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We showed that the second parameter is the most im-
portant one. Our modeling shows that for the toroidal mag-
netic fields usually assumed for the T Tauri disks, dust grains
in the surface layers illuminated by radiation from the cen-
tral star perpendicular to the magnetic fields are weakly
aligned. Grains in the disk interior mostly irradiated by the
reemision of hot dust in the surface layers along the direc-
tion of rotation axis are weakly aligned because the radiation
field is perpendicular to the magnetic field as well. As a re-
sult, we found that the maximum polarization is decreased
substantially compared to the case in which the radiation
anisotropy direction is parallel to the magnetic field.
In realistic conditions of the accretion disks, the mag-
netic field is not perfectly perpendicular to the radiation
direction. Therefore, we expect to see intermediate polariza-
tion of dust emission but a rather low level of polarization.
Moreover, the fact that SMA observations show very low
level of polarized emission reveals that the magnetic field
geometry is mostly parallel to the disk plane (or toroidal)
as expected.
8.4 Grain alignment in the Zodiacal cloud and
implications for CMB studies
A very important consequence of our study is the prediction
of grain alignment in the ZC. Such a prediction is supported
by a good agreement between CP predicted by our model
with the observational data. Therefore, if Zodiacal dust is
aligned, then the thermal emission by Zodiacal dust will be
polarized. Polarized emission of Zodiacal dust would become
an important component of polarized Galactic foreground
that contaminates to the polarized CMB signal. Detailed
modeling of polarized Zodiacal emission is necessary, and
it should be taken into account within the ongoing CMB
studies.
8.5 Interplanetary magnetic field via circular
polarization of Zodiacal light
In this paper, we found that dust grains in ZC can be aligned
by solar radiation with respect to the IMF. The scattering
of sunlight by aligned grains in ZC appears to be a principal
mechanism for producing CP of Zodiacal light. Therefore,
modeling CP of Zodiacal light allows us to probe the IMF
and composition of interplanetary dust.
Observations by the Ulysses spacecraft have confirmed
the Parker model of the IMF but also revealed the potential
existence of a vertical component (Forsyth et al. 1996). In
particular, the observational data demonstrate that the an-
gle between the magnetic field and the ecliptic plane varies
with the heliographic latitude. The angle deviation of the
observed magnetic field from the Parker model ranges from
−6◦ to 4◦.
Our predictions for CP arising from scattering by oblate
spheroidal grains that are aligned with the magnetic field
show that there should exist a regular vertical component
(as also pointed out in Dolginov & Mytrophanov 1978). We
also found that our model with the various direction of B⊥
is in better agreement with the observational data than the
model with the regular magnetic field. This finding is rein-
forced by the observational data from the Ulysses spacecraft.
Dolginov & Mytrophanov (1978) suggested another
possibility to reproduce the observed CP of Zodiacal light.
Indeed, they assumed that only prolate spheroidal grains
are aligned within the inner regions with r < R1, while
only oblate spheroidal grains are aligned within the anneal
of R1 < r < R2. Thus, the lines of sight with ǫ < 90
◦ or
ǫ > 270◦ go through a medium of aligned prolate spheroidal
grains, and the lines of sight with ǫ = 90◦−270◦ go through
a medium of aligned oblate spheroidal grains. Since the CP
by prolate and oblate grains has opposite sign, the former
gives rise to qV in opposite sign with the latter. Although
their results could reproduce the observational data, the is-
sue of why prolate spheroidal grains are segregated from
oblate spheroidal grains is difficult to justify. One possible
explanation for that is that oblate grains with larger cross
section are swept away by solar radiation faster than prolate
grains. However, we don’t know which shape interplanetary
grains look like.
8.6 Circular polarization and alignment
mechanism in cometary comae
CP in cometary comae is rather mysterious. The regimes in
which the alignment axis happens with respect to the radi-
ation flux failed to account for the observed CP because its
alignment direction is uniform along any line of sight. While,
in the ZC, the alignment with the spiral magnetic field is
found to produce sufficient polarization level, this alignment
type does not work in the coma because the magnetic field
can not penetrate to such a deep in the coma. However, in-
dependent research testifies of the existence of electric fields
throughout the coma. This electric field is likely directed in
the radial direction along the gas flow. The fast precession
of the grain dipole moment around the electric field makes
it an alignment axis.
We perform a simple modeling of grain alignment and
provide predictions for circular polarization in an idealized
spherical cometary coma. Our model can reproduce the
generic feature of the CP but a better fit to the observa-
tion can be obtained with a more sophisticated model of the
coma. Further observational studies of linear polarization
of starlight from cometary comae are necessary for testing
grain alignment theory.
8.7 Studying turbulence with aligned grains
Polarimetry mostly deals with time independent signal.
However, the cases of ZC and the cometary coma may
present variable signal due to turbulence (see Lazarian
2007). Thus, this provides a useful way of studying tur-
bulence on timescales larger than the precession time of
angular momentum around the magnetic field, including
compressible magnetic turbulence (see Goldreich & Sridhar
1997; Cho & Lazarian 2003 and references therein) in inter-
planetary medium and compressible multi-component tur-
bulence in cometary coma. We believe that additional cost
effective ways of studying interplanetary turbulence can help
to resolve existing controversies related to the actual scaling
of MHD turbulence (Beresnyak & Lazarian 2009; Beresnyak
2012).
The technique of turbulence study that we are dis-
cussing here is complimentary to the techniques of in
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situ measurements of turbulence with spacecraft (see
Burlaga & Ness 2013) and the proposed new technique of
using atomic alignment (see Yan & Lazarian 2012 and ref-
erences therein).
9 SUMMARY
With the advent of the quantitative theory of RAT align-
ment, it became possible to make predictions for expected
linear and circular polarization by aligned grains. The prin-
cipal results of our paper can be summarized as follows.
1. We studied the alignment of grains in the LISM and
showed that the alignment by RATs is dominant. The linear
polarization of nearby stars predicted by the RAT alignment
was found in good agreement with the observational data,
which exhibit the increase of polarization with the distance
to the stars.
2. The problem of grain alignment in the T Tauri disks
was revisited accounting for the dependence of grain align-
ment on the angle between the radiation anisotropy direc-
tion and the magnetic field. We show that for the disk with
a toroidal magnetic field, grains are weakly aligned because
the anisotropy direction is nearly perpendicular to the mag-
netic field. The result can explain the very low degree of
submillimeter polarization recently observed from T Tauri
disks.
3. We found that grains in the ZC can be aligned by RATs
induced by solar radiation. The predictions for CP of Zodi-
acal light by aligned grains seem to be consistent with the
existing CP data and plausible configuration of the IMF.
We suggest observers to perform new studies of circular and
linear polarization from the ZC. This can improve our knowl-
edge of the magnetic field structure in the Solar system and
this study is necessary for understanding the contribution
of polarized Zodiacal emission to the CMB experiments.
4. We studied grain alignment and calculated the CP of
scattered light from a cometary coma. For this special en-
vironment, we suggest a new alignment mechanism based
on the action of RATs over grains precessing around electric
fields. Using the proposed alignment mechanism, we can re-
produce the systematic changes of CP across the coma as
reported by observers.
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APPENDIX A: RADIATIVE TORQUE (RATS)
AND RAT EFFICIENCY
Similar to Lazarian & Hoang (2007a), in order to make an
easy relation of our results to those in earlier works, wherever
it is possible, we preserve notations adopted in DW97. Mean
radiative torque efficiency over wavelengths, Q(Θ, β,Φ) is
defined as
Q =
∫
Qλuλdλ∫
uλdλ
, (A1)
where uλ is the energy density (see Mathis et al. 1983), and
Qλ is the RAT efficiency corresponding to wavelength λ.
RAT from the anisotropic component of radiation is defined
by
Γrad =
urada
2
effλ
2
γQ, (A2)
where γ is the anisotropy degree of radiation, aeff is the
effective grain size (see DW96; Paper I), urad and λ are the
energy density and mean wavelength of radiation field. The
latter are respectively given by
urad =
∫
uλdλ, (A3)
λ =
∫
λuλdλ
urad
. (A4)
The specific energy density of a radiation field with the
intensity Iλ is defined as
uλ(Ω) =
Iλ
c
. (A5)
Integrating over all solid angles we obtain
uλ =
∫
uλ(Ω)dΩ =
1
c
∫
IλdΩ. (A6)
Defining the mean intensity over the solid angle
Jλ =
1
4π
∫
IλdΩ, (A7)
Equation (A6) can be rewritten as
uλ =
4π
c
Jλ (A8)
For an isotropic radiation field from a star of tempera-
ture T⋆ so that Iλ = Jλ ≡ Bλ, uλ becomes
uλ =
4π
c
B(λ, T⋆), (A9)
where
B(λ, T⋆) =
2hc2
λ5
1
exp (hc/λkBT⋆)− 1 , (A10)
APPENDIX B: EXTINCTION AND
POLARIZATION CROSS SECTION
B1 Extinction Cross Section
Let us consider a spheroid grain with the symmetry axis a1.
A perfectly polarized electromagnetic wave with the elec-
tric field vector E propagates along the z-axis, which is
perpendicular to the symmetry axis. Let Cext(E ⊥ a) and
Cext(E‖a) be the extinction of the radiation for the cases in
which the electric field vector is parallel and perpendicular
to the grain symmetry axis, respectively.
For simplification, we denote these extinction cross sec-
tion by C⊥ and C‖. For the general case in which Emakes an
c© 0000 RAS, MNRAS 000, 000–000
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angle θ with the symmetry axis, the extinction cross section
becomes
Cext = cos
2 θC‖ + sin
2 θC⊥. (B1)
For a randomly oriented grain, one can compute the
total extinction cross section by integrating Eq. (B1) over
the isotropic distribution of θ, i.e., fisodθ ∼ sin θdθ. As a
result,
Cext =
1
3
(
2C⊥ + C‖
)
. (B2)
The polarization efficiency is defined as
Cpol = C⊥ − C‖, (B3)
Cpol =
1
2
(
C‖ − C⊥
)
, (B4)
for oblate and prolate spheroidal grains, respectively.
B2 Polarization Cross Section
Consider an observer’s reference system, which is defined
by the line of sight directed along the z-axis, the projection
of magnetic field on the sky plane denoted by the y-axis,
and the third axis is perpendicular to the yz plane, namely
x-axis. Thus, B lies in the yz plane and makes a so-called
angle ξ with the y-axis.
By transforming the grain coordinate system to the ob-
server coordinate system and taking corresponding weights,
we obtain
Cx = C⊥ − Cpol
2
sin2 β, (B5)
Cy = C⊥ − Cpol
2
(2 cos2 β cos2 ξ + sin2 β sin2 ξ), (B6)
where the perfect internal alignment of grain axes with the
angular momentum has been assumed.
The polarization cross section then becomes
Cx − Cy = Cpol
(
3 cos2 β − 1
)
2
cos2 ξ. (B7)
Taking the average of Cx − Cy over the distribution of the
alignment angle β, the above equation can be rewritten as
Cx − Cy = Cpol〈QJ 〉 cos2 ξ, (B8)
where
QJ =
(
3 cos2 β − 1
)
2
(B9)
is the degree of alignment of the grain angular momentum
with the ambient magnetic field.
When the internal alignment is not perfect, following
the similar procedure, we obtain
Cx − Cy = Cpol〈QJQX〉 cos2 ξ ≡ CpolR cos2 ξ, (B10)
where R = 〈QJQX〉 is the Rayleigh reduction factor (see
also Roberge & Lazarian 1999).
In the above equation, QX is the degree of internal
alignment of grain axes with angular momentum. In the
case of fast internal relaxation, the angle between aˆ1 and J
fluctuates so fast and is described by the LTE distribution
fLTE(θ, J). The internal degree of alignment QX is defined
as
QX(J) =
∫
fLTE(θ, J) sin θdθ. (B11)
For suprathermal rotation, i.e., very large J ≫ Jth, then
QX(J)→ 1.
For the case of perpendicular magnetic field, i.e., B lies
on the sky plane, Equation (B7) simply becomes Cx−Cy =
CpolR ≈ Cpol〈QJ〉〈QX〉.
The total extinction coefficient is then
Cext =
Cx + Cy
2
=
2C⊥ + C‖
3
− ΦCpol
6
(
3− 2
cos2 ξ
)
. (B12)
The first term is much larger than the second one, so the
extinction coefficient can be approximated to Equation (B2).
The wavelength dependence of optical depth τλ along a
line of sight is obtained by integrating Equation (B2). The
interstellar extinction is then given by Aλ = (2.5/ ln10) τλ =
1.086τλ.
The extinction coefficients C‖ and C⊥ for oblate
spheroidal grains with the ratio of semiaxes s = b/a = 0.5
are computed using the DDSCAT code (Draine & Flatau
1994).
APPENDIX C: CIRCULAR POLARIZATION
CROSS SECTION DUE TO SCATTERING BY
ALIGNED GRAINS
In the following, we derive the expression of circu-
lar polarization 63. We consider a grain model con-
sisting of dipole moments (Purcell & Pennypacker 1973;
Bandermann & Kemp 1973 Draine 1988). The scattering
problem consists of the excitation of electric field of incident
light on the electric dipoles, resulting in the oscillation of
dipoles. The oscillation of electric dipoles reemit radiations
in every direction, but the direction perpendicular to the
oscillation (acceleration) direction is strongest. During the
oscillation, some damping process within the grain can re-
sult in the damping of the oscillation, converting oscillation
energy into heat, which decreases the amplitude of reemit-
ting light compared to the amplitude of incident light. Then,
one can say that some absorption of radiation energy occurs.
Thus, the scattering and absorption is not independent.
In addition to the elastic scattering (i.e., the frequency
of radiation does not change in the elastic scattering), the
phase of electric field vectors may vary by the scattering,
which induces the circular polarization.
The properties of radiation is described in general by
the four Stokes parameters denoted by a vector F=(I, Q,
U,V). The scattering light is then given by
F scai =
1
k2r2
SijF
inc
j , (C1)
where Sij is a scattering matrix of 4 × 4, k is the wave
vector and r is the distance from the grain to the observer
(see Bohren & Huffman 1983, p.65). The scattering matrix
S represents the complete properties of the scattering pro-
cess by a single grain. The Stokes parameters of light scat-
tered by an ensemble of grains are the sum of the Stokes
parameters of light scattered by each grain. Thus, one can
describes the scattering by the ensemble by a net scattering
matrix in which the elements are the sum of the elements of
the scattering matrix from each grain, i.e., Snetij =
∑Ngr
i=1
Siij .
During the scattering, in addition to the change of
the radiation energy, the phase of electric field vector also
changes, which results in the circular polarization. From
c© 0000 RAS, MNRAS 000, 000–000
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Equation (C1), the circular polarization is described by the
elements S41 if the incident light is unpolarized, i.e., Q,U
and V are zero:
Vsca =
1
k2r2
S41Iinc, (C2)
The element S41 depends on the refractive index of the
dust grain, which is given by
S41 ∝ Im(α1α∗3) sinφ sinψ cosψ sin θ, (C3)
where α is the complex polarizability characterizing the re-
action of material with the electric field (i.e., the instanta-
neous dipole j with Pj = αjEj), θ is the scattering angle,
φ and ψ describes the orientation of the grain symmetry
axis (also the magnetic field direction) in the lab frame (see
Gledhill & McCall 2000). Indeed, ψ is the angle between the
grain symmetry axis and the scattering plane.
Let σV the circular polarization cross section, then one
can write
σV ∝ −Im(α1α∗3)
= [Re(α1)Im(α3)− Im(α1)Re(α3)] . (C4)
For axisymmetric grain, we have α1 = α‖ and α2 =
α3 = α⊥. Thus, the above equation becomes
σV ∝
[
Re(α‖)Im(α⊥)− Im(α‖)Re(α⊥)
]
(C5)
identical to Equation (65).
For the limit of small grains, x = ak = 2πa/λ ≪ 1,
using the complex refractive index, Equation (65) can be
rewritten as
σV = k
4
[
Re(α‖)Im(α⊥)− Im(α‖)Re(α⊥)
]
, (C6)
=
(
2π
λ
)4 [
Re(α‖)Im(α⊥)− Im(α‖)Re(α⊥)
]
. (C7)
For isotropic material or sphere, the polarizability α is
a scalar and given by
α = a3
(
m2 − 1
m2 + 2
)
, (C8)
where m is the reflective index of the medium.
For anisotropic material, the polarizability α becomes
a tensor with the diagonal elements
αj =
V
4π
(
1
Lj + (m2 − 1)−1
)
, (C9)
where V is the grain volume, Lj are the shape factors (see
van de Hulst 1957, p. 71).
One can see that the circular polarization requires the
imaginary part of the reflective index, indicating that the cir-
cular polarization is induced by the absorption of the light.
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